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Growth hormone (GH) from the pituitary is the major hormone responsible for 
body growth in vertebrates. However, there has been increasing evidence that GH is 
also involved in several reproductive functions including steroidogenesis and 
gametogenesis in the gonads. In view of this, GH has also been termed 
co-gonadotropin. It is well established that most effects of GH are mediated by 
insulin-like growth factors (IGFs) produced in different tissues. In the ovary, 
however, both IGF-dependent and -independent mechanisms have been proposed for 
GH actions, and one of the factors that work downstream of GH signaling appears to 
be activin. Interestingly, the expression of GH itself has been detected in the ovary, 
suggesting the existence of an intraovarian GH-IGF axis. Using zebrafish as the 
model, the present project was undertaken to characterize the mini-GH-IGF-I axis in 
the ovary with particular reference to its relationship with the local activin-follistatin 
system. 
RT-PCR analysis showed that GH {gh\ IGF-I {igfl\ IGF-II {igf2\ and their 
receptors were all expressed in the ovary, indicating that a potential intraovarian 
GH-IGF system also exists in the zebrafish. Further experiment on spatial 
distribution using isolated follicle layers and denuded oocytes revealed that gh was 
exclusively expressed in the full-grown oocytes, while its receptor GHR (ghr) could 
be detected in both oocytes and follicle cells. Igfl and its receptor igflr as well as 
igf2 could also be detected in both oocytes and follicle cells. Analysis of temporal 
i 
expression patterns demonstrated that gh and ghr were differentially expressed during 
folliculogenesis. The expression level of gh in the follicles seemed to be the highest 
at the primary growth (PG) stage, but it gradually decreased when PG follicles entered 
the vitellogenic growth and developed to full-grown (FG) follicles. On the contrary, 
the expression of ghr was low at the PG stage but significantly increased in the 
previtellogenic (PV) stage and remained high in later stages. Similarly, the 
expression of IGF-I receptor igflr gradually increased from PG to mid-vitellogenic 
(MV) stage, but decreased significantly in the final FG stage. Igfl expression 
increased from PG to EV stage and decreased afterwards till FG stage. In contrast, the 
expression of igf2 maintained constant during folliculogenesis. 
When tested in cultured follicle cells, GH (recombinant bream and human GH) 
seemed to increase the expression of both activin |3A (inhba) and activin PB (inhbb), 
which supports our previous observation that GH-induced zebraflsh oocyte 
maturation could be blocked by follistatin, an activin-binding protein. On the other 
hand, recombinant human IGF-I increased the expression of inhba but decreased that 
of inhbb in a clear time and dose-dependent manner, while recombinant human 
activin B decreased igflrh expression level but had no effect on igfl and igf2. 
Recombinant bream GH seemed to increase the expression of igfl, however, human 
GH had no effect on igfl expression. Although we have not obtained convincing 
evidence for IGFs as the downstream mediators of GH in the zebrafish ovary, our 
result did suggest a potential role for the local ovarian activin system in GH as well as 
IGF signaling. 
The inconsistent results of GH action on igfl expression might be due to the use 
of heterologous GH in zebrafish. To avoid the complexity of using heterologous GH 
from other species in future studies, we went on to produce recombinant zebrafish GH 
(zfGH) using Pichia pastoris as the bioreactor. Three expression plasmids were 
ii 
successfully constructed using the expression vector pPIC9K that would express the 
native form of zebrafish GH as well as the ones with a His tag added at either the 
N-terminus or C-terminus to facilitate subsequent purification. SDS-PAGE analysis 
showed an inducible product in the culture medium with the correct molecular size of 
� 2 0 kDa. When tested in either cultured zebrafish follicle cells or hepatic cells, the 
zfGH with the His tag added at the C-terminus significantly increased the 
expression of inhba but had no effect on inhbb in cultured zebrafish follicle cell, and 
it significantly increased igfl expression in zebrafish hepatic cell culture. A 
preliminary test on the GHR-based luciferase reporter assay showed that all forms of 
zfGH produced were functional in stimulating grass carp GH receptor. 
Using zebrafish as the model, the present study has dissected the spatiotemporal 
expression patterns of the entire GH-IGF system in the ovary and provided important 
clues to the potential roles of GH-IGF system in zebrafish folliculogenesis and their 
signaling pathways. The establishment of recombinant Pichia pastoris clones for 
zfGH production will provide an important source of homologous zebrafish GH for 












RT-PCR 檢測表明，GH {gh)，IGF-I {igfl) ’ IGF-II ( / g / 2 ) 及其受體全在 
卵巢表達，從而證實了卵巢內GH-IGF系統的存在。進一步的實驗發現，在卵 
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Reproduction is a fundamental feature of all known lives, and production 
of eggs is a major event in female reproduction. The story begins when the 
ovarian follicles leave the resting pool of primordial follicles and enter the 
growth phase. It is well-known that the development of ovarian follicles is 
mainly controlled by the hypothalamic-pituitary-gonadal axis. Gonadotropins 
{follicle-stimulating hormone (FSH) and luteinizing hormone (LH)} produced 
and secreted from the pituitary gland act on the ovary to initiate the development 
of eggs (folliculogenesis) and secretion of sex steroids (steroidogenesis) together 
with a variety of local ovarian factors. The developmental adventure of the 
ovarian follicles continues to attract vast attention from scientists throughout the 
years. This chapter serves to provide background information about the 
development and regulation of ovarian follicles with particular emphasis on the 
structure, function, and regulation of the local GH-IGF system in the ovary of 
mammals and teleosts. 
1.1 Structure of ovarian follicles 
The ovarian follicle is the fundamental structural and functional unit of the 
ovary, and its primary role is to support the growth and maturation of the oocyte 
(the egg). The structure of an ovarian follicle consists of a single oocyte, which 
is swaddled in a layer of granulosa cells that are together surrounded by the 
outermost theca cells (Gougeon, 1996). 
In mammals, the developing follicles can be subdivided into several stages: 
primordial, primary (early growing), secondary (preantral), and antral stage 
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(McGee and Hsueh, 2000). Before birth, the cortex of female ovary contains its 
peak number of primordial follicles with immature oocytes surrounded by a 
single layer of flat and squamous preganulosa cells and its meiotic division 
arrested at the diplotene stage (Hardy et al.，2000). The process by which 
primordial cells wake up is known as initial recruitment. When the primordial 
follicles leave the resting pools to primary stage, a dramatic proliferation of 
granulosa cells, formation of antrum, and significant increase in size of oocyte 
can be observed (Fortune, 2003). The primary follicles develop receptors to 
FSH at this time, but they are gonadotropin-independent up until the antral stage. 
The antral follicle is marked by the formation of a fluid-filled cavity adjacent to 
the oocyte called antrum and multiple layers of mural granulosa cells and the 
outermost theca cells (Gougeon，1996; Hardy et al., 2000; McGee and Hsueh, 
2000). 
In fish, however, the follicle growth involves the accumulation of yolk 
proteins derived from the liver. The development of follicle in teleosts is 
divided into four stages: primary growth, pre-vitellogenic, vitellogenic, and 
maturation stage (Nagahama et al., 1995). In primary growth stage, the oocytes 
reside within a few squamous follicle cells only. As the oocyte grows in 
pre-vitellogenic stage, mRNA and glycoproteins are produced and cortical 
alveoli appear within the oocyte (Wallace and Selman, 1990). In the 
vitellogenic stage, the main growth stage of the follicle, yolk protein 
(vitellogenin) accumulates leading to dramatic growth of oocyte. The follicle 
cells proliferate to form a continuous granulosa cell layer, while the surrounding 
stromal connective tissue becomes organized and form a distinct outer layer of 
theca cells. A full-grown follicle is therefore surrounded by two major layers of 
somatic follicle cells, an outer theca cell layer and an inner granulosa cell layer, 
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which are separated by a distinct basement membrane (Nagahama et al., 1995). 
1.2 Regulation of ovarian follicle development 
It is well established that gonadotropins (FSH and LH) from the pituitary 
play vital roles in folliculogenesis and steroidogenesis in the vertebrate ovary. 
They exert their effects through activation of their corresponding gonadotropin 
receptors (FSHR and LHR) located on the follicle cell layer. It is well 
documented that the effects of gonadotropins on ovarian functions are mediated 
via locally-produced steroid hormones and a variety of peptide growth factors. 
Therefore, apart from the endocrine regulation from the pituitary, the classic 
concept of ovarian regulation has recently been expanded to include a complex 
system of intraovarian autocrine and paracrine factors (Tonetta and diZerega, 
1989). 
1.2.1. Endocrine regulation 
1.2.1.1. Gonadotropins - FSH and LH 
In mammals, the anterior pituitary gland produces two gonadotropins, FSH 
and LH. Gonadotropins are heterodimeric hormones consisting of two subunits, 
a and p. The a subunit is common for all the pituitary glycoprotein hormones, 
whereas the (3 subunit is hormone-specific and determines the biological 
specificity and activity of the hormone (Pierce and Parsons, 1981). 
Follicle growth requires the coordinated actions of FSH and LH. 
However, the development of early preantral follicles seems to be 
gonadotropin-independent as no functional FSH receptor (FSHR) can be found 
in primordial follicles in human (Oktay et al., 1997), pig (Yuan et al., 1996), and 
sheep (Tisdall et al., 1995). This is further supported by the evidence that the 
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early preantral follicle development was normal in human individuals defective 
of FSHR or FSHp and in knockout mice defective in FSHR, FSHp or LHR, 
though folliculogenesis was blocked before antral stage (Kumar et al., 1997; 
Dierich et al., 1998; Abel et al., 2000; Bums et a l , 2001). 
As the primordial follicles develop to antral follicles and preovulatory 
follicles in later stages, the roles of FSH and LH become more significant. As a 
sign of responsiveness of the growing follicles toward gonadotropins, FSHR and 
LHR are found to be expressed in the surrounding granulosa cells and theca cells 
by in situ hybridization in the rat ovary (Camp et al., 1991). Under the 
influence of FSH, the proliferation of granulosa cells also increases significantly 
in follicles from mice (Gougeon，1996; Liu et al., 1998). Moreover, LHR 
mRNA expression is stimulated in theca cells, which promotes granulosa cell 
differentiation (Piquette et al., 1991; Richards, 1994). LH exerts its effect 
through binding to LHR on granulosa cells to initiate new expression cascade in 
the cells to trigger luteinization, resumption of meiotic maturation, and the 
rupture of the follicle wall in ovulation (Conti et al., 1998; Richards et al., 1998). 
Apart from folliculogenesis, another major function of gonadotropins is the 
control of steroidogenesis in the ovarian follicles. A "two cell 一 two 
gonadotropins" model has been proposed to describe the relationship between 
FSH-LH and granulosa-theca cells in the production of estradiol during 
folliculogenesis (Hillier et al., 1994). According to this model, the expression 
of cytochrome P450 aromatase in granulosa cell increases as a result of FSH 
stimulation (Richards, 1994), while LH promotes the production of androgens 
from cholesterol and pregnenolone by stimulating P450cl7 activity in the theca 
cells. The androgens then diffuse into the granulosa cells where they are 
converted to estradiol by FSH-stimulated aromatase (Hillier et al., 1994; Howies, 
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2000). A similar "two cell-type model" has also been proposed to illustrate the 
production of estradiol during vitellogenesis in teleosts (Nagahama et al.’ 1995). 
In this model, testosterone is produced by theca cells under the stimulation of 
gonadotropins and is aromatized into estradiol in the granulosa cells. Estradiol 
is then transported to the liver to stimulate vitellogenin production. The 
production of maturation-inducing hormone (MIH) during final oocyte 
maturation can also be explained by this model. The theca cells produce 
17a-hydroxyprogesterone in response to gonadotropin stimulation, which 
diffuses to the granulosa cells where it is converted by the enzyme 20p-HSD to 
17a, 20p-dihydroxy-4-pregnen-3-one (DHP), the maturation-inducing hormone 
in most teleosts during final oocyte maturation (Nagahama et al., 1995). 
1.2.1.2. Co-gonadotropins - growth hormone 
While the pituitary ovarian regulators, gonadotropins, are of paramount 
importance to ovarian functions, experimental studies have revealed that growth 
hormone (GH) is another major pituitary hormone which affects reproductive 
functions including steroidogenesis, gametogenesis, and gonadal differentiation, 
as well as gonadotropin secretion and responsiveness (Zachmann, 1992; 
Chandrashekar et al,, 2004). In view of its important functions in reproduction, 
GH has also been termed "co-gonadotropin" (Hull and Harvey, 2002). The role 
of GH in reproduction and ovarian functions will be discussed in section 1.3.4 
and 1.3.5. 
1.2.2 Paracrine regulation 
Though gonadotropins play major roles in regulation of ovarian functions, 
the ovary itself also produces a variety of factors to regulate ovarian follicle 
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development in paracrine/autocrine manners. Among these factors, peptide 
growth factors, such as activin and insulin-like growth factors (IGFs), have been 
extensively studied. Their structures and roles in vertebrate ovaries will be 
briefly discussed here. 
1.2.2. J Activin 
The activin system includes activin, inhibin, activin receptors, and 
activin-binding protein follistatin (Mathews, 1994; Ge, 2000). Activin belongs 
to the transforming growth factor-p (TGF-p) superfamily and it is either a hetero-
or homodimer depending on the types of p subunits (pA or pB). Different 
combinations of p subunits (|3ApA，PApB, PB|3B) give rise to 3 types of activin, 
namely activin A, activin B and activin AB respectively (Ying, 1988). The 
biological functions of activin are mediated by activin receptor complex 
consisting of activin type I and type II receptors. Both types of receptor are 
transmembrane proteins with serine/ threonine kinase activity. Activin initiates 
signal transduction by binding to a type II receptor, which then recruits and 
transphosphorylates a type I receptor. This receptor complex in turn activates 
the downstream intracellular signaling molecules (Massague, 1996). 
Activin was originally purified from ovarian follicular fluid based on its 
ability to stimulate pituitary FSH secretion (Vale et ah, 1986), which was 
believed to be important in the feedback regulation of pituitary FSH secretion. 
However, increasing evidence indicates that activin and its related proteins are 
also involved in the regulation of vertebrate ovarian functions. Both activin [3A 
and pB have been predominantly localized in the granulosa cells of ovarian 
follicles in mammalian ovary by in situ hybridization or immunohistochemistry 
(Meunier et al.，1988; Schwall et al., 1990). It has been proposed that activin 
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plays a role in follicular recruitment at early stages of antral follicular 
development through sensitizing immature granulosa cells to the 
cytodifferentiative action of FSH and it is also important in steroidogenesis 
(Hillier and Miro, 1993). Activin also promotes in vitro oocyte maturation in 
the rat (Itoh et al., 1990)，cow (Stock et al.，1997)，human (Alak et a l , 1998) and 
fish (Pang and Ge, 1999; Petrino et al., 2007). 
1.2.2.2 Insulin-like growth factor I (IGF-I) 
IGF-I, a 70 amino-acid, single-chain polypeptide, is an important regulator 
of growth and differentiation (Jones and Clemmons, 1995). The mature IGF-I 
peptide has a B-, a C- and an A-domain, and is highly conserved among 
vertebrates. The C-terminal of IGF-I precursor also contains a D-domain and 
an E-domain, which are proteolytically removed as post-translational 
modification to yield a mature peptide (Daughaday and Rotwein, 1989). 
The important role of IGF-I in ovarian folliculogensis has been well 
demonstrated in the IGF-I null mouse model. It has been suggested that IGF-I 
is dispensable for the recruitment of primordial follicles as well as for the growth 
of preantral follicles as follicular population does not appear to be affected up to 
the early antral stage in IGF-I null female mice. However, the ovaries of 
mutated female mice appear to lack preovulatory Graafian follicles and corpora 
lutea, indicating no ovulation. Moreover, IGF-I may also be involved in 
steroidogenesis as serum estradiol level of the mutated female is reduced to 53% 
of the normal value of the control (Baker et al., 1996). 
1.3 The GH-IGF-I axis 
1.3.1 The somatomedin hypothesis 
- 7 -
Growth hormone (GH) is a multifunctional hormone from the pituitary that 
plays fundamental roles in many major physiological processes in the body 
including regulation of osmotic balance, skeletal and soft tissue growth, lipid, 
protein, and carbohydrate mechanism. Several intrinsic and extrinsic factors 
modulate the release of two hypothalamic hormones, GH-releasing hormone 
(GHRH) and somatostatin (SRIF)，which in turn exert stimulatory and inhibitory 
influences on GH biosynthesis and secretion from the anterior pituitary. The 
somatomedin hypothesis states that most GH actions are mediated via 
insulin-like growth factor I (IGF-I) produced in the liver in response to GH, 
which then acts on different tissues to mediate GH actions (Salmon and 
Daughaday, 1957; Le Roith et al.，2001). IGF-I was first known as 
somatomedin-C, reflecting its role as a mediator of GH (Daughaday et al., 1972). 
GH rapidly activates IGF-I gene transcription and also regulates changes in 
chromatin structure within the IGF-I gene, delineating a target within the 
chromatin for GH action (Poretsky et al., 1999). Circulating IGF-I in turn 
inhibits GH secretion, providing a feedback loop on the actions of GH in 
peripheral tissues. This mechanism is also known as the GH-IGF-I axis (Fig. 1). 
However, emerging evidence has demonstrated that many actions of GH in their 
target tissues result from direct binding of GH to GHR without mediation by 
IGF-I (Waters et al., 1999). It has been proposed that GH may act to induce an 
array of growth factors and their receptors and the composition of this array 
varies with tissue type. 
1.3.2 Structure and signaling of GH and GHR 
GH was first isolated in 1944 (Li and Evans, 1944) and the cDNA 
encoding human GH (hGH) was cloned in 1979 (Martial et al., 1979). Human 
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GH is a protein of 191 amino acids and a molecular weight of about 22,000 
daltons. It contains two disulfide bonds and four alpha-helices (Miller and 
Eberhardt, 1983). 
The actions of GH are initiated by its binding to growth hormone receptor 
(GHR) on the cell membrane of various target tissues. GHR is a member of 
class I cytokine receptor family, which generally consists of an extracellular 
N-terminal domain, where GH binds, an intracellular domain and a single 
transmembrane region (Bazan, 1990; Kopchick and Andry, 2000). Association 
of GH with two molecules of GHR triggers tyrosine phosphorylation of multiple 
intracellular proteins for signaling and modulating gene expression for somatic 
growth and metabolism (Argetsinger and Carter-Su, 1996; Carter-Su et al.，1996). 
Several of the proteins phosphorylated and activated by the GHR through JAK2 
function as adapters, linking GH signaling to several well-characterized signal 
transduction pathways, including signal transducers and activators transcription 
factors (STAT) and insulin receptor substrate (IRS) (Carter-Su et al., 1996; 
Herrington and Carter-Su, 2001). GH exerts its actions through the GH 
receptor expressed in target tissues and by stimulating IGF-I expression both 
locally and systemically which then influences neighboring cells via paracrine 
mechanisms or more distant organs via endocrine mechanisms. In fish, there 
are two types of GHR which may be the result of duplication of actively 
transcribed GHR genes. 
1.3,3, Structure and signaling of the IGF system 
The IGF system is part of a family of insulin-related peptides, which 
include two ligands (IGF-I and IGF-II), their receptors (type I and type II 
receptors), and binding proteins (IGFBP-1 to IGFBP-6), which control the 
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half-lives of the ligands and regulate their actions (Jones and Clemmons, 1995). 
As discussed previously, IGF-I is mainly produced in the liver and is a potent 
mitogenic factor that induces growth and differentiation. As the prototypical 
gene product of the IGF family, IGF-I is a basic peptide of 70 amino acids with 
very high homology to IGF-II and over 50% homology with insulin (Humbel, 
1990). Unlike insulin which has separate A and B chains, IGF-I is a 
single-chain peptide with multiple intramolecular disulfide bonds (Laron, 2001; 
Cohen, 2006). IGF-II is also a single-chain polypeptide of 67 amino acids with 
a molecular weight of 7.5 KDa, and it is approximately 70% homologous with 
IGF-I. Inactivation of the IGF-II gene in animals produces growth deficient but 
fertile and otherwise normal individuals (Poretsky et al., 1999). 
IGFs exert their effects primarily through binding to the type 1 IGF 
receptor (IGF-IR), which is able to bind both IGF-I and IGF-II with high affinity. 
IGF-IR is a heterotetramer composed of two extracellular spanning a subunits 
and transmembrane [3 subunits (Laron, 2001). In general, it is believed that all 
the effects of IGF receptor activation are mediated by tyrosine kinase activation 
and phosphorylation of substrates such as insulin receptor substrate 1 (IRS-1), 
which then activates specific cellular pathways via phosphatidylinositol-3 kinase 
(PI3-kinase), Grb2 (growth factor receptor bound protein 2), leading to various 
biological actions (Laron, 2001). Unlike mammals, fish have at least two forms 
of IGF-I receptor: IGF-IRa and IGF-IRb (Greene and Chen, 1999). Structural 
and phylogenetic analyses indicated that both genes are orthologous to the 
human IGF-IR. The levels of IGF-IRa and IGF-IRb show different patterns of 
expression during zebrafish development (Marues et al. 2002). The type 2 IGF 
receptor (IGF-IIR) bears no structural homology with IGF-IR and binds both 
IGF-II and mannose-6-phosphate-containing lysosomal enzymes. This receptor 
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binds IGF-I with very low affinity and is therefore unlikely that IGF-IIR will 
mediate IGF-I or "classical" somatomedin-like actions. It was found that the 
main function of IGF-IIR is to mediate the turnover of lysosomal enzyme and 
degradation of IGF-II (Poretsky et al., 1999). 
IGFs circulate in plasma are complexed to a family of binding proteins 
(IGFBPs) which modulate the interaction of IGFs with their surface membrane 
receptors. The IGFBP superfamily includes six distinct high-affinity binding 
proteins termed IGFBP 1-to IGFBP6. IGFBPs appear to inhibit IGF action by 
competing with IGF receptors for IGF peptides under most- conditions. 
However, several IGFBPs are capable of enhancing IGF action by facilitating 
IGF delivery to target receptors in specific condition (Collett-Solberg and Cohen, 
2000). 
1.3.4 Role of GH-IGF system in reproduction 
Apart from the metabolic actions of GH on somatic growth, evidence 
accumulated over the past two decades suggests that GH and IGFs may be 
involved in reproductive functions. It has been reported that GH may function 
together with gonadotropins to regulate many reproductive functions (Hull and 
Harvey, 2002). In female mammals, the strong correlation of GH secretion 
with different stages of reproductive status suggests that GH may play a 
modulatory role in sexual maturation, the ovarian cycle, pregnancy, and lactation 
(Hull and Harvey, 2001). Moreover, GH deficiency, GH resistance, and 
experimental alterations in IGF-I secretion modify ovarian maturation, ovulation, 
and pregnancy. The early but strong evidence for GH involvement in 
reproduction came from the observations that the GH-deficient female rats 
exhibited a delay in the onset of puberty (Ramaley and Phares, 1980), and that 
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GH administration restored the time of puberty onset (Bartke, 1964). GH 
can also increase the length of the estrous cycle (Jorgensen et al., 1991). 
In male mammals, GH plays an important role in testicular growth and 
development, spermatogenesis, and steroidogenesis. Deficiency in GH in 
human is associated with abnormally small testes (Spiteri-Grech and Nieschlag, 
1992) and reduced sperm mobility, which can be restored by GH administration 
(Gravance et al., 1997). The co-ordinate increases in sperm motility and 
seminal IGF-I concentrations in men after GH administration indicate that local 
IGF-I production may mediate the gametogenic actions of GH (Ovesen et al., 
1998). In transgenic mice lacking GHR, reduced fertility rates and testosterone 
secretion were observed (Chandrashekar et al., 1999). 
1.3.5 GH action in ovarian functions 
Subsequent studies have demonstrated that GH can exert direct effects in 
the ovary to influence all major aspects of ovarian function including 
folliculogenesis, steroidogenesis, and final oocyte maturation (Childs, 2000; Hull 
and Harvey, 2001). In vivo and in vitro studies suggest that GH stimulates 
growth and prevents atresia in small follicles, which develop and undergo atresia 
throughout the menstrual cycle. For instance, in vivo studies show that GH 
administration increases the number of small follicles in cattle (Gong et al., 1991; 
Gomez et al., 1999) and horses (Cochran et al., 1999). GH may work with or 
without FSH to promote early development of the follicles. GH stimulates 
follicular growth in perifused rabbit ovaries independently of FSH, and this 
effect may be dependent on IGF-I as follicular growth and IGF-I increase in a 
coordinated fashion (Yoshimura et a l , 1993). Conversely, GH stimulates the 
proliferation of luteinized human granulosa cells via an FSH-independent 
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mechanism (Ovesen et al., 1998). At later stage of follicle development, GH 
increases FSH-stimulated granulosa cell differentiation and aromatase activity in 
rats (Hutchinson et al., 1988) and estradiol production in humans (Mason et al., 
1990). As the follicle matures, the oocyte has to undergo a series of nuclear 
and cytoplasmic events before it can be fertilized successfully. Experiments 
have shown that GH stimulates nuclear maturation in cows by 
IGF-I-independent actions mediated through cumulus cells via cAMP (Izadyar et 
al., 1998). However，study in rats showed that GH, added alone or in 
combination with IGF-I, increased maturation of oocyte significantly (Kiapekou 
et al., 2005). 
The role of GH in fish reproduction has been studied in several 
representative fish model. GH enhances gonadotropins-induced 
steroidogenesis in ovarian follicles of goldfish (Van der Kraak et al., 1990). 
Aromatase activity and estradiol production by vitellogenic follicles are 
increased by GH via cAMP pathway in spotted seatrout (Singh and Thomas, 
1993). 
1.3.6 IGF-I action in ovarian function 
The role of IGF-I in the ovary has been extensively studied in mammals. 
In particular, a growing body of evidence indicates that IGF-I stimulates both 
proliferation and differentiation of granulosa and theca cells in vitro (Adashi, 
1994). IGF-I has been shown to potentiate FSH-stimulated cAMP production, 
aromatase activity, progesterone production, steroidogenesis and LH receptor 
expression by granulosa cells (Bergh et al., 1991; Erickson et al., 1991; Mason et 
a l , 1993; Spicer et al., 2004). IGF-I plays an important role in granulosa 
survival by inhibiting apoptosis (Spaczynski et a l , 2005), and it also induces 
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oocyte maturation in cows (Sakaguchi et al., 2000; Walters et al., 2006), rats 
(Zhao et al., 2001; Kiapekou et al., 2005), sheep (Guler et al., 2000; Zhou and 
Zhang, 2005)，and rabbits (Lorenzo et al., 1996), 
In teleosts, recombinant IGF-I stimulates germinal vesicle breakdown, 
maturation-inducing steroid production, and oocyte maturation competence in 
several species including the carp (Mukherjee et al., 2006), red seabream 
(Kagawa et al., 1994)，spotted seatrout (Thomas et al., 2001), and striped bass 
(Weber and Sullivan, 2000). IGF-I also stimulates the production of estradiol 
and DHP by granulosa cells in the coho salmon (Maestro et al., 1997). 
1.3.7 The mini GH-IGF axis within the ovary 
Many of the ovarian actions resulted from the administration of exogenous 
GH and IGF-I may reflect the endocrine actions of pituitary GH and hepatic 
IGF-I as the ovary is highly vascularized. However, recent lines of evidence 
reveal that GH and IGF-I are also produced locally in the ovary. The 
production of GH (Izadyar et al., 1999)，together with the detection of GHRH 
(Bagnato et al., 1992), SRIF (Mclntyre et al., 1992), and IGF-I (Sirotkin et a l , 
2001) in the ovary, has spawned a hypothesis that there may exist a mini 
hypothalamic-hypophyseal or GHRH/SRIF-GH-IGF-I axis within the ovary, and 
in addition to its endocrine roles, GH may serve as a local intraovarian growth 
factor to exert paracrine or autocrine effects within the follicle. Detail roles, 
functions, and regulation of the mini ovarian GH-IGF-I axis within the ovary, 
however, has yet to be assessed. 
1.4 Objective of the present study 
Although GH is not classically considered as a reproductive hormone, 
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more and more literature indicates that it has a role in reproductive function. It 
has been clearly demonstrated in mammals that GH is required for sexual 
differentiation and pubertal maturation, and it participates in gonadal 
steroidogenesis, gametogenesis, and ovulation. Moreover, as GH is produced 
in gonadal tissues locally, it may also serve as a factor to exert autocrine or 
paracrine effects in the ovary. However, the relative physiological relevance of 
pituitary and extrapituitary ovarian GH in controlling ovarian development and 
function remains entirely unknown. 
Despite the numerous reports on the expression of GH and IGFs in the 
ovary of mammals and teleosts, a complete picture of spatial and temporal 
expression profiles of GH and IGFs within the ovary and during folliculogenesis 
is still lacking. Moreover, the existence of a mini GH-IGF-I axis and the 
signaling mechanism of GH in the ovary are still controversial as both 
IGF-I-dependent and -independent effects of GH have been reported in the 
mammalian ovaries, while some reports suggest other candidates, such as activin, 
as the mediators of ovarian GH actions. Most GH treatment studies in fish 
have been carried out using mammalian GH due to the lack of homologous GH 
in most species studied. The conflicting results from these studies have not 
been able to generate a consensus view on the exact roles and action mechanisms 
of GH in the ovary of teleosts due to the use of heterologous hormones in 
different model systems. Therefore, the present study aims at dissecting the 
potential roles of GH-IGF axis in the ovary, using zebrafish as the model. 
While most of our knowledge regarding hormonal regulation of the ovarian 
function has been derived from work in mammals, fish offer an alternative 
model to clarify the functional significance of GH in ovarian development. As 
a top vertebrate model, zebrafish (Danio rerio) has relatively large ovaries with 
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different developmental stages of follicles, which makes it an excellent model 
for the study of ovarian development and regulation. Zebrafish is also small in 
size, possesses a daily ovulatory cycle, and takes relatively shorter time to reach 
sexual maturation, allowing a convenient and detailed analysis of gene 
expression during sexual maturation and ovarian development. The on-going 
zebrafish genome project is now providing increasing bioinformatics information 
for further studies using genomic and proteomic approaches. All these 
properties make zebrafish an excellent model for the profiling and regulation 
studies on the GH-IGF axis. 
The present study aims at investigating the expression, regulation, and 
function of the potential GH-IGF axis in the zebrafish ovary. In this study, the 
spatial distribution of the GH/IGF system within the ovary and its temporal 
expression profile during folliculogenesis will first be examined. This provides 
clues to the role of GH/IGF system in follicle cell-oocyte communication at 
different stages of follicle development. The regulation of IGF and activin will 
be studied to give us a better understanding of the signaling mechanism of GH in 
the ovary. Finally, recombinant zebrafish GH will be produced using the Pichia 
pastoris system to avoid the complexity due to the use of heterologous GH in 
future studies. The present study will certainly contribute to the current 
knowledge about the roles of GH-IGF system in teleost ovary and will enable 
further manipulation and control of fish reproduction in aquaculture in a long run. 
Moreover, since fish represent the most diverse and primitive group of 
vertebrates, this study may serve as a useful reference point for comparative 
studies in other vertebrates. 
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Fig. 1 Schematic model showing the classical GH-IGF axis 
- 1 7 -
Chapter 2 
Expression Profiles of the GH-IGF System in the Ovary of Zebrafish, 
Danio redo 
2.1 Introduction 
Growth hormone (GH) has been known for a long time as the major 
hormone produced by the pituitary to control somatic growth, anabolic 
metabolism and reproduction. It is well accepted that GH stimulates the 
production of insulin-like growth factor I (IGF-I) in the liver to exert its actions 
in different tissues of the body. However, lines of evidence also suggest that 
GH and IGFs (IGF-I and II) are produced as local factors in various tissues other 
than the pituitary and liver, and many actions of GH and IGFs in their target 
tissues result from binding to their corresponding receptors directly, indicating 
potential autocrine and paracrine roles for GH and IGFs. The expression and 
action of GH and IGFs in the gonads have raised considerable interest of 
research in recent years. 
In mammals, although the majority of circulating GH is from the pituitary, 
GH expression has also been detected in some extrapituitary tissues (Harvey and 
Hull, 1997) including the testis (Harvey et al., 2004) and ovary (Izadyar et al., 
1998). In cows, it has been reported that GH mRNA is expressed only in the 
oocytes during in vitro maturation and no GH mRNA or protein can be detected 
in the corpora lutea, the stroma, and follicles smaller than 2 mm (Izadyar et al., 
1999). The expression of GH receptor (GHR) can be detected not only in the 
liver, but also in the gonads of various mammals at mRNA and protein levels 
including rats and cows (Lobie et al., 1990; Tiong and Herington, 1991; 
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Chandrashekar et al., 1999)，revealing the extensive actions of GH in the body of 
mammals. In sow ovary, the binding sites for GH were detected at all follicular 
stages, from preantral to preovulatory stages, but the intensity of labelling in 
granulosa cells was more intense in preantral than in larger follicles (Quesnel, 
1999). As the major mediator of GH action, IGF-I can be detected in 
extrahepatic tissues both in vivo and in vitro (D'Ercole et al., 1984). In rodents, 
rat and mouse, IGF-I is expressed in the granulosa cells of healthy antral follicles, 
while IGF-I receptor (IGF-IR) mRNA is also abundantly expressed in the 
granulosa cells (Poretsky et al., 1999). Another IGF-IR ligand, insulin-like 
growth factor II (IGF-II), is unequivocally produced in rat liver during early 
development and in human liver throughout life (Jones and Clemmons, 1995). 
It has also been reported that IGF-II mRNA can also be detected in the thecal 
compartment in rodents (Poretsky et al., 1999). In teleosts, GH is not only 
produced in the pituitary but also synthesized in the ovary (Izadyar, 1999). It 
has been reported that specific binding sites for GH are also present in the ovary 
of rainbow trout (Gomez et al., 1999). IGF-I is expressed in a wide range of 
organs including the liver, pancreas, intestine, kidney, gills, eye, brain, kidney, 
testis, and ovary in tilapia. In the ovary, IGF-I immunoreactivity is confined to 
the granulosa cells of developing and mature follicles (Reinecke et al., 1997). 
RT-PCR or Northern blotting has demonstrated the presence of IGF-I mRNA in 
the ovary of salmonids (Duan et a l , 1993) and goldfish (Kermouni et a•，1998). 
In tilapia and seabream, the expression of IGF-IR has also been reported in the 
ovarian follicle, suggesting a direct effect of IGF-I in fish ovary (Reinecke et al., 
1997; Perrot et al., 2000). The existence of IGF-II mRNA has been shown in 
tilapia (Schmid et al” 1999) and daddy sculpin ovary (Loffm-Cueni et al., 1998). 
In zebrafish, IGF-I and IGF-II mRNA were both detected in the brain, eyes 
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muscle, liver, and gonads with higher expression level in the testis than in the 
ovary, while the two isoforms of IGF-IR, IGF-IRa and IGF-IRb, were expressed 
in many tissues with the highest levels detected in the ovary, testes, and brain 
(Maures and Duan, 2002). 
Although the functions and expression of GH/IGF system in the ovary 
have caught increasing attention recently, many reports on the spatial expression 
of GH, IGFs, and their receptors in the ovary are still controversial. Moreover, 
the information on the temporal expression patterns of these genes during 
folliculogenesis is still limited. In order to enhance our knowledge of the 
GH-IGF system and provide clues to the function of the system in fish ovary, we 
undertook a systematic study to analyze the spatiotemporal expression profiles of 
all key components of the GH-IGF system in the zebrafish ovary and during 
folliculogenesis, including GH (gh) and its receptor GHR (ghr), IGF-I and II 
(igfl and igf2), and IGF-IR (igflr). 
2.2 Material and Methods 
2.2.1 Animals 
Zebrafish, Danio rerio, were purchased from local pet stores and 
maintained in flow-through aqaria (36 liters) at 26°C on a 14-h light and 10-h 
dark photoperiod. The fish were fed twice a day with the commercial tropical 
fish food with supplement of live brine shrimp once or twice a week. All 
experiments were performed under licence from the Government of the Hong 
Kong SAR and endorsed by the Animal Experimental Ethics Committee of the 
Chinese University of Hong Kong. 
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22.2 Isolation of tissues and different stages of follicles from the zebrafish 
For isolation of different zebrafish tissues, about five to ten zebrafish were 
anaesthetized by immersion in ethyl-3 -amnobenzoate methanesulfonate 
(MS-222). Nine different tissues were isolated from zebrafish, including the 
gill, brain, pituitary, heart, muscle, liver, kidney, testis, and ovary. 
To isolate ovarian follicles, the ovaries were removed from fifteen to 
twenty zebrafish and placed in a 35-mm culture dish containing 60% medium 
Leibovitz's L-15 (Invitrogen, Carlsbad, CA). The zebrafish ovarian follicles 
were isolated manually with blades and forceps, and they were staged based on 
their diameter and morphology and divided into five groups: PG (primary 
growth), PV (pre-vitellogenic), EV (early vitellogenic), MV (mid-vitellogenic), 
and FG (full-grown). 
Separation of somatic follicle layers and oocytes 
Zebrafish ovaries removed from five to ten zebrafish were transferred to a 
35-mm culture dish containing 60% medium Leibovitz's L-15. The healthy 
full-grown follicles were selected and placed at 4°C for 1-hr cold shock 
treatment, which has been reported to facilitate the separation of the somatic 
follicle layers and oocytes (Chattoraj et al., 2005). The follicle layer of 
full-grown follicle was manually separated from the oocyte under the 
microscope using a sharp forceps. The isolated follicle layers and denuded 
oocytes from 5-10 follicles were pooled for RNA extraction. 
2.2.4 Primary follicle cell culture 
Previtellogenic and vitellogenic follicles were collected from about twenty 
female zebrafish and placed in a 90-mm culture dish containing 60% medium 
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Leibovitz's L-15 (Invitrogen). They were washed several times with Medium 
199 (Invitrogen). The follicles were then cultured in Medium 199 
supplemented with 10% fetal calf serum (Hyclone，Logan, Utah) at 28°C in 5% 
CO2 for 6 days. The proliferated follicle cells were harvested by trypsinization 
and plated in 24-well plates at approximately 2.5 x 10^ cells in each well. The 
cells were cultured for 24 h before treatments. 
2.2.5 Total RNA extraction 
Total RNA was isolated from the zebrafish tissues or isolated follicles with 
TRI-Reagent (Molecular Research Center, Cincinnati, OH) according to the 
protocol provided by the manufacturer and our previous report (Pang and Ge, 
2002). Two hundred microliters of Tri-Reagent were added to each sample, and 
the samples were shaken for 20 min at 1300 rpm on Thermomixer Comfort 
(Eppendorf, Hamburg, Germany). Fifty microliters of chloroform were then 
added to each tube, vortexed on thermomixer for 5 min, and incubated at room 
temperature for 5 min. The samples were spun at 13,000 rpm for 20 min at 4°C. 
The aqueous layer (85 jul) was transferred to a new tube and mixed well with 100 
\x\ isopropanol. After placed at -20°C for 30 min, the RNA was pelleted by 
centrifugation at 13,800 rpm for 40 min at 4°C. The pellet obtained was then 
washed with 75% DEPC-ethanol, centrifuged for 15 min at 4°C，and air-dried. 
2.26 Reverse transcription 
The total RNA extracted was reverse transcribed into cDNA at 42°C for 2 
h in a total volume of 10 i^l reaction solution consisting of IX M-MLV RT buffer, 
0.5 mM each dNTP, 0.5 |al oligo(dT), and 80 U M-MLV reverse transcriptase. 
PGR amplification was carried out on 1 |al RT mixture using gene-specific 
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primers. 
2.27 Validation of semi-quantitative RT-PCR assays for GH (gh), GHR (ghr), 
IGF-I (igfl), IGF-II (igfl), and IGF-I receptor (igfr) 
To optimize the cycle numbers used for semi-quantitative RT-PCR analysis, 
the RT reaction from the whole ovary was used as template for PGR 
amplification with gene specific primers. PGR was carried out in a reaction 
volume of 30 [x\ for various cycles (24，27，30, 33，36, 39 cycles) with the profile 
of 30 sec at 94°C，30 sec at 60°C，and 40 sec at 72°C • The PGR products from 
different cycles of amplification were visualized on a UV-transilluminator after 
electrophoresis on 1.5% agarose gel containing ethidium bromide, and the signal 
intensity was quantitated with Gel-Doc 1000 system and Molecular Analyst 
Software (Bio-Rad, Hercules, CA). The cycle numbers that generate 
half-maximal amplification were used for subsequent semi-quantitative analysis 
of gene expression, which were 30 cycles for gh, ghr, igflr a, igflrb and igf2, and 
33 cycles for igfl. 
Table 1, Primers for semi-quantitative RT-PCR analysis 
Gene Primer Expected Accession 
size No. 
bactin Sense: 5'-TCCCCTTGTTCACAATAACC-3' 382bp AF0570440 
(271/272) Antisense: 5'-TCTGTTGGCTTTGGGATTC-3' 
gh Sense: 5'- AAATCTTCCCTCTGTCGTTCTGC-3' 320bp AY286447 
(564/565) Antisense: 5'- CCCTACGGTCAGGTAGAAATCCT-3' 
ghr Sense: 5' - CCACTCGGGTTCTTCTCACAAC - 3’ 400bp AL935153 
(475/476) Antisense: 5' -GTCTCTGAAGTGTAGGGCTCCATC - 3' 
ghr1 Sense: 5'- CGAGTGCTACTTCAACAAGACCTTC-3' 324bp ENSDARTOOO 
(539/540) Antisense: 5'- GACTGCTGTGTGCCGCTTTC-3' 00018886 
ghr2 Sense: 5'- GGCATACATCTATGGTCTGGAAAGC-3' 430bp ENSDARTOOO 
(541/542) Antisense: 5'-CGATGAGTCAGCGATGAGAAGC -3' 00018886 
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igf1 Sense: 5'- GCTGTCTCCCGAGTACCCAC-3' 470bp ENSDARTOOO 
(566/583) Anisense: 5'-CTGTCCAACGGTTTCTCTTGTCTC-3' 00004717 
igflra Sense: 5’- CGCCAGACTACAGAGACCTCAT-3' 446bp ENSDARGOO 
(560/561) Antisense: 5' GCAGTAGTTATGCTCGTAGAGTTCA-3' 000040969 
igflrb Sense: 5'- GCAGTGTTCCTGACAGTGACC-3' 311 bp ENSDARGOO 
(562/563) Antisense 5'- ATCCACCGAGTCGATGACCTT-3' 000022667 
igf2a Sense: 5'-CGTGGGATTGTGGAGGAGTGTTG-3' 267bp ENSDARGOO 
(624/625) Antisense 5'- CGCCTGCCGCCTGAACTTC -3, 000018643 
igf2b Sense: 5'- GTGTGTGGAGAAGATGGCTTTTATA-3' 271 bp AF194333 
(568/569) Antisense 5'- TCCTTAACCTCTGAGCAGCTTTT-3' 
All the primers were synthesized by Integrated DNA Technologies, Inc. 
(Coralville, Iowa) 
2.2.8 Data analysis 
The mRNA level of each gene was first normalized to that of P-actin 
{bactin), which was used as the internal control, and then expressed as the fold 
change compared to the control group. The data were analyzed by one-way 
ANOVA followed by Dunnett's test using GraphPad Prism 4.0 for Macintosh OS 
X (GraphPad Software, San Diego, CA). We performed all the experiments at 
least twice to confirm the results using different batches of animals. 
2.3 Results 
2.3.1 Validation of semi-quantitative RT-PCR assays 
The kinetics of PGR reaction for gh, ghr, igflra, igflrb and igf2 were first 
assessed to obtain the cycle numbers that generate half-maximal amplification. 
The ghr primers (475/476) used were not isoform-specific. As shown in Fig. 
2-1 and Fig. 2-2，there is a linear relationship between the amount of template 
plasmids and PGR amplification for gh, ghr, igfl, igf2, igflra and igflrb, 
demonstrating that the RT-PCR assays were appropriate for quantitating the 
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expression of these genes. 
2.3.2 Spatial expression of GH-IGF in different tissues of zebrafish 
To prove the existence of GH-IGF system in the zebrafish ovary, and to 
assess its relative expression abundance in the ovary compared to other tissues, 
nine zebrafish tissues were analyzed for the expression of gh, ghr, igfl, igfl and 
igflr using RT-PCR with gene-specific primers (Table 1). Universal ghr 
(475/476) primers were used in this experiment. 
As expected, the expression oigh was the highest in the pituitary; however, 
it could also be detected in the ovary, testis, muscle, and brain (Fig. 2-3). The 
expression in the ovary and testis was rather abundant among the extrapituitary 
tissues. For the expression of ghr, the signal could be detected in all tissues 
except the gill. It should be noted that both gh and ghr were expressed in the 
ovary of zebrafish. Igflra and Igflrb were expressed in all the tissues 
investigated, with stronger expression level in the gonads, muscle, brain, gill, 
and kidney, and lower expression level in the liver and pituitary. Igfl was also 
expressed in all tissues investigated, but its expression level was rather low in the 
ovary. In comparison, igf2 was expressed at similar level in all the nine tissues 
examined. 
2.3.3 Localization of gh, ghr, igfl, igf2 and igflr within the zebrafish follicle 
To understand the structure of the ovarian GH-IGF network in the follicle, 
further experiment was performed to investigate the distribution of gh, ghr, igfl, 
igfl, igflra and igflrb, within the ovarian follicle by separating the somatic 
follicle layers and oocytes followed by RT-PCR analysis. It was previously 
demonstrated in our laboratory that growth differentiation factor 9 {gdf9) was 
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expressed in the oocyte exclusively, while luteinizing hormone receptor (Ihcgr) 
was only expressed in the follicular cells but not oocyte. These two genes were 
therefore used as the molecular markers in this experiment to ensure that the 
separation of the two follicular compartments was clean. It was revealed that 
gh was exclusively expressed in the full-grown oocytes, while its receptor ghr 
could be detected in both oocytes and follicle cells (Fig. 2-4). The expression 
of igfl, igfl and their common receptor igflr could also be detected in both 
oocytes and follicle cells. The expression levels of igf2 and igflr appeared to 
be higher in the oocyte than those in the follicle cells. It is a bit surprising that 
although it could be detected in both follicular compartments, the expression 
level of igfl was very low in the zebrafish ovary. 
To further confirm the intrafollicular distribution pattern, another 
experiment was performed to analyze the expression of GH-IGF system in 
cultured zebrafish follicle cells. Since the primary follicle cell culture only 
consists of follicle cells but not oocytes, it was expected that those genes 
detected in the freshly-isolated follicle layers should also be detectable in the 
cultured follicle cells, while the genes expressed exclusively in the oocyte would 
yield no expression signals. As shown in Fig 2-5, the oocyte marker gdf9 was 
not expressed in the primary follicle cell culture as it is only expressed in the 
oocyte. Consistent with the results described above, gh was not expressed in 
primary follicle cell culture. While ghr, igflra, igflrb were all expressed in 
primary follicle cell culture as they were found to be expressed in both oocytes 
and follicle layers in the previous experiment. Interestingly, the expression 
level of igfl appeared to be higher in cultured follicle cells as compared to the 
fresh follicular compartments (oocytes and follicle layers). 
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2.3.4 Temporal expression profiles of GH-IGF system during folliculogenesis 
To investigate the temporal expression patterns of gh, ghr, igfl, igf2, igflra 
and igflrb during folliculogenesis, different stages of follicles were isolated from 
sexually mature zebrafish (Fig.2-6). Semi-quantitative RT-PCR was performed 
for each target gene at each developmental stage. Although we used the 
universal ghr primers (474/376) in this part of the experiment, we have later 
confirmed that both ghrl and ghr2 have same expression pattern during 
folliculogenesis. As shown in Fig. 2-7, gh and ghr were differentially 
expressed during folliculogenesis. The expression level of gh was the highest 
in the primary growth follicles, but it gradually decreased throughout 
vitellogenesis and the FG stage. On the contrary, the expression of ghr was 
very low in the primary growth follicles, but increased significantly in the PV 
stage and maintained throughout the development of follicles. Similarly, the 
expression of igflra and igflrb gradually increased from PG to MV stage, but 
decreased significantly in the final FG stage (Fig. 2-8). Igfl expression 
increased from PG to EV stage and decreased afterwards till FG stage, while 
expression of Igf2 maintained constant during folliculogenesis (Fig. 2-9). 
2.4 Discussion 
In the present study, we first demonstrated that gh was expressed in the 
zebrafish pituitary, ovary and testis and its receptor ghr was expressed in all the 
tissues investigated except the gill. The highest gh expression in the pituitary 
was expected as it is the main site of GH secretion. The expression of gh in the 
gonads agrees well with some studies in other species (Izadyar et al., 1998; 
Childs, 2000; Harvey et al., 2004), suggesting that in addition to its classical 
- 2 7 -
endocrine role, GH may also play a local paracrine role in the ovary of 
vertebrates including the zebrafish. Crucial proof of GH action requires 
evidence for GHR expression in the ovary. As shown by the present study, ghr 
was expressed in a variety of extrahepatic tissues including the ovary, which was 
again in agreement with other teleost species (Calduch-Giner et al., 2001; Tse et 
al., 2003). The presence of ghr in the ovary provided strong evidence for direct 
actions of GH in the ovary. Igfl and igfl were expressed in all tissues 
investigated while their receptor igfl a and igflb were also expressed in all 
tissues except the liver. This tissue distribution pattern in zebrafish is 
consistent with what has been reported in other teleosts fish. It has been 
reported in the zebrafish that IGF-I and IGF-II mRNAs are expressed in a wide 
variety of tissues and their expressions are relatively low in the ovary, while the 
expression of igflr is higher in the gonads (Maures and Duan, 2002). However, 
in tilapia, the expression of igfl is considerably high as ovary igfl may amount 
to 80.7% of liver igfl (Schmid et a l , 1999). Similar to our findings, igflr could 
not be detected in tilapia liver (Reinecke et al., 1997). The expression of local 
igfl and gh implies that their actions are not only dependent on the pituitary GH 
and hepatic IGF-I from the liver; rather, local GH and IGF-I may play an 
important role in the intricate paracrine and autocrine control of the ovarian 
function. 
To further localize the expression of gh, ghr, igfl, igf2 and igfr in different 
follicular compartments in the zebrafish ovary, another experiment was carried 
out by separating the somatic follicle layers mechanically from the oocytes using 
immature FG follicles. Our results indicated that gh production is exclusively 
localized in the oocyte but not the follicular layer, which is similar to the finding 
in cows where GH mRNA was found only in the oocyte during in vitro 
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maturation (Izadyar et al., 1999). However, the presence of GH protein in both 
oocyte and follicular cells of pre-antral follicles was also reported in the rat 
(Zhao et al., 2002). On the other hand, we found that ghr is expressed in both 
oocytes and follicle layers, which is again similar to that described in cows 
(Izadyar et al., 1997) and sow (Quesnel, 1999). Igfl, igfl and igflr were also 
expressed in the oocyte and follicle compartments. In mammals, the binding 
site for IGF-I has been demonstrated in the oocyte, granulosa cells and theca 
cells (Hansson et al., 1988; Quesnel, 1999), while IGF-I immunoreactivity 
occurs in the granulosa cells of developing and mature oocytes in the ovary of 
fish (Reinecke et al., 1997). The presence of IGF-II mRNA has been revealed 
in both the granulosa and theca cells in humans (Voutilainen et al., 1996). The 
results of RT-PCR on primary follicle cell culture further confirmed the above 
findings. All genes examined except gh were expressed in the primary follicle 
cell culture, which is free of oocytes. It is also interesting to note that igfl had 
a higher expression level in the primary follicle cell culture than in freshly 
isolated follicles. The tissue distribution profiles of the GH/IGF system, 
together with the spatial expression patterns within the ovarian follicles, suggests 
that an intraovarian mini GH-IGF axis may be present in the zebrafish ovary. 
The zebrafish oocyte may play an active role in folliculogenesis by releasing GH 
to influence the functions of both somatic follicle cells and oocyte through GHR 
present in both compartments. With both GH and IGF-I/II expressed in the 
oocyte and their receptors in both compartments, an active paracrine 
intercommunication may exist between the oocyte and follicle layer (Fig. 2-10). 
To provide clues to the roles of GH and IGFs in folliculogenesis, the 
stage-dependent expression patterns of gh, ghr, igfl, igf2 and igflr were 
investigated. Interestingly, the expression level of gh was the highest in the PG 
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stage, but it significantly decreased as the follicle was recruited and entered the 
PV stage. The low expression level maintained till the FG stage. On the 
contrary to gh, the expression level of ghr was the lowest in the PG stage, but it 
increased significantly in PV stage and remained high during the rest of follicle 
development. The differential expression patterns of gh and ghr in the ovary 
suggest different roles of locally-produced GH and circulating GH in the ovary. 
The abundant expression of gh in the PG follicles implies that GH may play an 
important role in the stage of primary follicle growth before entering the fast 
second vitellogenic growth. This may be particularly important because the 
primary growth stage is considered to be independent of pituitary gonadotropins 
due to the low expression levels of gonadotropin receptors (Fshr and Lhcgr). In 
sheep, it has been reported that the mRNA for GHR is abundant in granulosa 
cells and oocytes from antral and preantral follicles (Eckery et al., 1997), 
suggesting an important role of GH in the early stages of follicular development 
and in the maintenance of the sensibility to gonadotropins in sheep. In tilapia, 
however, the expression level of GHR was found to be higher in the immature 
oocyte than mature oocyte (Kajimura et al., 2004). Our result also indicates 
that the expression of igfl increased from PG to EV stage and decreased 
afterwards till FG stage, while the expression of igfl remained constant during 
folliculogenesis. The expression of IGF-I receptor igflr gradually increased 
from PG to mid-vitellogenic (MV) stage, but decreased significantly in the final 
FG stage. Similarly, in situ hybridization in tilapia showed that igfl mRNA 
was present in small oocytes, while moderate igfl expression occurred in 
follicles at lipid stage; a high igfl expression was observed at the yolk globule 
and mature stages, but no igfl mRNA was detected in later stages (Schmid et al., 
1999). Our results, together with the observation in tilapia, suggests that IGFs, 
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especially IGF-I, may play a role in promoting follicle growth in fish, while 
IGF-II may play a tonic role during the entire folliculogenesis. The expression 
of gh, igfl and igfl in the oocyte implicates these factors in a potential paracrine 
signaling from the oocyte to the follicle cells, which is supported by the 
expression of ghr and igflr in the somatic cells. On the other hand, GH, IGF-I 
and IGF-2 may also act directly on the oocyte since their receptors are all 
abundantly expressed there. 
In summary, the present study demonstrated that all genes in the GH-IGF 
system is expressed locally in the zebrafish ovary, implying an autocrine and 
paracrine role of GH and IGF-I in controlling ovarian function in zebrafish. 
The differential expression patterns of gh, ghr, igfl, igf2 and igflr during 
folliculogenesis suggest that GH and IGF-I may have an important role in 
promoting follicular growth in the ovary of zebrafish, especially in the early 
stage of follicle development. 
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Fig. 2-1 Validation of the RT-PCR assays for growth hormone (gh) and growth 
hormone receptor (ghr). Upper panel: Kinetics of PGR amplification for 
growth hormone. Lower panel: Kinetics of PGR amplification for growth 
hormone receptor. The cycle number that generates half maximal reaction was 
used to analyze the expression level of each gene. The electrophoretic image is 
shown at the top of each page. 
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Fig. 2-2 Validation of the RT-PCR assays for igfl, igfl, igflra and igflrb. 
Upper panel: Kinetics of PGR amplification for igfl and igf2. Lower panel: 
Kinetics of PGR amplification for igflra and igflrb. The cycle number that 
generates half maximal reaction was used to analyze the expression level of 
each gene. The electrophoretic image is shown at the top of each page. 
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Fig. 2-3 Tissue distribution of gh, ghr, igflra, igflrb and igfl and 
igfl in the ovary, testis, muscle, brain, gill, kidney, liver and pituitary 
of zebrafish. All genes in the GH-IGF system are expressed in the 
ovary of zebrafish. 
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Fig. 2-4 Spatial expression of gh, ghrl, ghr2, igflra, igflrb, igfl and igf2 
within the ovarian follicle. Gdf9 acts as a marker for oocyte expression 
and Ihr is the marker for follicle cell while housekeeping gene, bactin, could 
be detected in all compartments. GH is a oocyte-specific gene while all 
other genes in the GH-IGF system are expressed in both oocyte and follicle 
cell layer. 
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Fig. 2-5 Expression of gh, ghr, igflra, igflrb and igfl in cultured 
follicle cells. Oocyte-specific genes, gdf9 and gh cannot be 
detected in follicle cell culture. Intact follicle sample was used as 
the positive control. 
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Fig. 2-6 Diagram showing the 5 stages of follicles selected for the study of 
temporal expression pattern of gh, ghr, igfl, igflr and igf2. PG: primary 
growth stage; PV: pre-vitellogenic stage; EV: early vitellogenic stage; MV: 
mid-vitellogenic stage; FG: full-grown stage. 
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Fig. 2-7. Expression of zebrafish gh (A) and ghr (B)d during 
folliculogenesis. PG, primary growth follicles; PV, pre-vitellogenenic 
follicles; EV, early vitellogenic follicles; MV, mid-vitellogenic follicles; FG, 
full-grown but immature follicles. The expression levels are normalized by 
P-actin and expressed as the fold change compared to PG. Each value 
represents the mean 土 SEM of independent RT-PCR reaction of three 
replicates. ** P< 0.001 vs. PG. 
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Fig.2-8 Expression of zebrafish (A) igfira and (B) igflrb during 
folliculogenesis. PG, primary growth follicles; PV, pre-vitellogenenic 
follicles; EV, early vitellogenic follicles; MV, mid-vitellogenic follicles; FG, 
full-grown but immature follicles. The expression levels are normalized by 
bactin and expressed as the fold change compared to PG. Each value 
represents the mean 土 SEM of independent RT-PCR reaction of three 
replicates. *P<0.05; ** P< 0.001 vs. PG. 
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Fig.2-9 Expression of zebrafish (A) igfl and (B) igf2 during 
folliculogenesis. PG, primary growth follicles; PV, pre-vitellogenenic 
follicles; EV, early vitellogenic follicles; MV, mid-vitellogenic follicles; FG, 
full-grown but immature follicles. The expression levels are normalized by 
p-actin and expressed as the fold change compared to PG. Each value 
represents the mean 土 SEM of independent RT-PCR reaction of three 
replicates.*P<0.05; ** P< 0.001 vs. PG 
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Chapter 3 
Regulation of the GH-IGF-I System and Its Cross-talk with the Activin 
System in the Zebrafish Ovary 
3.1 Introduction 
Despite the vast body of knowledge about growth hormone (GH) actions in 
different species, the mode of GH action still remains a major issue in research. 
The classical somatomedin hypothesis stated that the mitogenic action of GH 
was mediated by circulating insulin-like growth factors I (IGF-I), derived mainly 
from the liver in response to GH (Salmon and Daughaday, 1957). Such system 
was seen as an "axis" with IGF-I mediating most or all of the physiological 
actions of GH. 
The effects of GH on reproductive function have been reported, but the 
mechanism by which GH acts on the ovary is still unclear. With regard to the 
extracellular local mediators of GH role in the ovary, most studies assumed that 
IGF-I was the sole mediator of GH action，since IGF-I or GH enhances steroid 
production to the same extent (Hong and Herington, 1991) and stimulates 
nuclear maturation of oocytes through cumulus cell IGF-I in rats (Apa et al., 
1994). Moreover, it has been reported that IGF-I antibodies significantly 
inhibit GH effects on FSH-induced progesterone secretion in rat ovaries 
(Hutchison 1988) and GH induces production of IGF-I in granulosa cells, which 
in turn enhances granulosa cell differentiation in rats (Adashi et al., 1991)， 
rabbits (Yoshimura et al., 1993), cows (Andrade et al., 1996), and humans (Volpe 
et al., 1992), suggesting that the effects of GH on ovarian function may be 
mediated via an increase in ovarian IGF-I. 
Although numerous reports suggest IGF-I as the mediator of GH action, 
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this assumption is still questionable (Hull and Harvey, 2001) as 
IGF-I-independent mechanisms have also been proposed for GH actions. IGF-I 
cannot be detected in the follicular fluid of GH treated bovine follicles, despite 
increased progesterone release (Wathes et al., 1995). In addition, IGF-I 
antibodies cannot completely block GH-induced progesterone synthesis in 
porcine granulosa cells (Mondschein et a l , 1989). In humans, GH stimulates 
the proliferation of luteinized granulosa cells via an IGF-I-independent 
mechanism (Ovesen et al., 1998). GH-induced development of preantral 
follicles in immature mice is similarly independent of IGF-I, and this effect is 
blocked by follistatin, which binds and inactivates activin (Liu et al., 1998). As 
the oocyte matures, it has been found that GH stimulates nuclear maturation by 
IGF-I-independent actions mediated through cumulus cells, probably via 
changes in intra-cellular cAMP (Izadyar et al., 1998). It has also been 
hypothesized that GH may affect steroidogenesis by increasing ovarian 
sensitivity to IGF-II acting through the IGF-I receptor, since IGF-II and 
IGF-binding proteins (IGFBPs) are abundantly present in human granulosa cells 
but IGF-I is scarce (Barreca et al., 1993). Therefore, ovarian IGF-I may 
mediate some, but not all, ovarian effects of GH. 
Previous work in our laboratory demonstrated that GH promoted zebrafish 
oocyte maturation probably via activin/follistatin but not IGF-I system 
(unpublished data). Though both GH and IGF-I significantly enhanced 
zebrafish oocyte maturation, the effect of GH could be completely abolished by 
follistatin, an activin binding protein. In contrast, follistatin had no effect on 
IGF-I-induced oocyte maturation, suggesting that IGF-I may not be the 
downstream mediator of GH in this regard. In order to gain further 
understanding of the signaling mechanism of GH in the ovary, the present study 
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was undertaken to investigate the regulation of GH/IGF-I and activin/follistatin 
systems using zebrafish ovary as the model. 
3.2 Material and Methods 
3.2.1 Animals 
Zebrafish, Danio rerio, were purchased from local pet stores and 
maintained in flow-through aquaria (36 liters) at 26°C on a 14-h light and 10-h 
dark photoperiod. The fish were fed twice a day with the commercial tropical 
fish food with supplement of live brine shrimp once or twice a week. All 
experiments were performed under licence from the Government of the Hong 
Kong SAR and endorsed by the Animal Experimental Ethics Committee of the 
Chinese University of Hong Kong. 
3.2.2 Chemicals and hormones 
All chemicals were obtained from Sigma (St. Louis, MO) unless otherwise 
stated. Culture medium and fetal bovine serum (FBS) were from Gibco BRL 
(Gaithersburg, MD). Recombinant human growth hormone (hGH) was from 
PeproTech (Rocky Hill, NJ), while recombinant bream growth hormone (bGH) 
was from GroPep (Adelaide, Australia). Recombinant human insulin-like 
growth factor I (IGF-I) was from Promega (Madison, WI). Recombinant 
goldfish activin B was produced by a Chinese hamster ovary (CHO) cell line 
established in our laboratory and partially purified according to Schmelzer et al. 
(1990). All drugs and hormones were further diluted to the desired 
concentrations with the culture medium before use. 
3.2.3 Primary follicle cell culture 
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Previtellogenic and vitellogenic follicles were collected from about twenty 
female zebrafish and placed in a 90-mm culture dish containing 60% medium 
Leibovitz's L-15 (Invitrogen, Carlsbad, CA). They were washed several times 
with Medium 199 (Invitrogen). The follicles were then cultured in Medium 
199 supplemented with 10% fetal calf serum (Hyclone, Logan, Utah) at 28°C in 
5% CO2 for 6 days. The proliferated follicle cells were harvested by 
trypsinization and plated in 24-well plates for 24 h before treatments, with 
approximately 2.5 x 10^ cells in each well. 
3.2.4 Preparation of ovarian fragments 
Ovaries were obtained from 5-8 zebrafish after anaesthetization with 
MS-222 and briefly dispersed in a 35-mm culture dish containing Cortland's 
medium with glucose added (7.25g NaCl, 0.38g KCl, 0.23g CaCl2.2H20，Ig 
NaHCOs, 0.41g NaHzPCVHsO, 0.23g MgCh.GHsO, 0.23g MgS04.7H20，Ig 
BSA，5.2g Hepes，0.03g penicillin, and 0.05g streptomycin in IL H2O, pH 7.7) 
(Wolf K, 1969). The ovarian fragments which contain all follicle stages were 
evenly distributed to wells of a 24-well plate for incubation or drug treatment 
using a glass pipette. 
3.2.5 Total RNA extraction 
Total RNA was isolated from cultured zebrafish follicles cells or ovarian 
fragments with Tri-Reagent (Molecular Research Center, Cincinnati, OH). Two 
hundred \i\ of Tri-Reagent (Molecular Research Center) was added to each 
sample, and the samples were shaken for 20 min at 1300 rpm on the 
Thermomixer Comfort (Eppendorf, Hamburg, Germany). Fifty |al of 
chloroform was then added to each tube, vortexed on thermomixer for 5 min, 
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and incubated at room temperature for 5 min. The samples were spun at 13,000 
rpm for 20 min at 4°C. The aqueous layer (85 |nl) was transferred to a new tube 
and mixed well with 100 isopropanol. After placed at — 20C for 30 min, 
the RNA was pelleted by centrifugation at 13,800 rpm for 40 min at 4°C. The 
pellet obtained was then washed with 75% DEPC-ethanol, centrifuged for 15 
min at 4°C, and air-dried. 
3.2.6 RT-PCR 
The total RNA (3|ag) extracted was reverse transcribed into cDNA at 42°C 
for 2 hr in a total volume of 10 |LI1 reaction solution consisting 1 x M-MLV RT 
buffer, 0.5 mM each dNTP, 0.5 oligo(dT), and 80 U M-MLV reverse 
transcriptase (Invitrogen). PGR amplification was carried out on 10 ul of 
diluted RT mixture (diluted by 150 X ultra-pure water) using gene-specific 
primers. 
3.2.7 Construction of real-time PCR standards 
The standards for activin p A (inhba), activin PB {inhbb), and housekeeping 
gene P-actin {bactin) were prepared by RT-PCR amplification of cDNA 
fragments with specific primers (Table 2). The amplicons were resolved by 
agarose electrophoresis, purified, and quantified by electrophoresis along with 
the Mass Ruler DNA marker (MBI Ferments, Hanover, MD). The amplified 
amplicons were used to construct standard curves for real-time PCR. 
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Table 2. Primers for real-time and semi-quantitative RT-PCR analysis 
Gene Primer Expected Access! Application 
size on No. 
bactin Sense: 5'-TGCTGTTTTCCCCTCCATTG-3' 109bp AF04704 Real -time RT 
(69/70) Antisense:5'-ATACCTCTCTTGCTCTGAGCCTCAT-3' 40 PGR 
gh Sense: 5'- AAATCTTCCCTCTGTCGTTCTGC-3' 320bp AY28644 Semi-quantitative 
(564/565) Antisense: 5'- CCCTACGGTCAGGTAGAAATCCT-3' 7 
ghr1 Sense: 5'- CGAGTGCTACTTCAACAAGACCTTC-3' 324bp ENSDAR Semi-quantitative 
(539/540) Antisense: 5'- GACTGCTGTGTGCCGCTTTC-3' TOOOOOO 
18886 
ghr2 Sense: 5'- GGCATACATCTATGGTCTGGAMGC-3' 430bp ENSDAR Semi-quantitative 
(541/542) Antisense: 5'-CGATGAGTCAGCGATGAGAAGC -3, TOOOOOO 
18886 
Inhba Sense: 5’-CTACCGTATCCGAGGGTACAG-3’ 149bp AF47509 Real-time RT-PCR 
(289/290) Antisense: 5'- AGCCGCATTCTTCTACAATCAT-3' 2 
Inhbb Sense: 5’- CCCATGATGGAGAAACGTGTT-3' 120bp X76051 Real-time RT PGR 
(291/292) Antisense: 5'- GCAGTGGATGTCGAGGTCTT-3' 
Igfl Sense: 5'- GCTGTCTCCCGAGTACCCAC-3' 470bp ENSDAR Semi-quantitative 
(566/583) Anisense:5'-CTGTCCAACGGTTTCTCTTGTCTC-3' TOOOOOO 
04717 
Igflrb Sense: 5'- GCAGTGTTCCTGACAGTGACC-3' 311bp ENSDAR Semi-quantitative 
(562/563) Antisense 5'- ATCCACCGAGTCGATGACCTT-3' GOOOOOO and real time 
22667 RT-PCR 
Igf2a Sense: 5'-CGTGGGATTGTGGAGGAGTGTTG-3' 267bp ENSDAR Semi-quantitative 
(624/625) Antisense 5'- CGCCTGCCGCCTGAACTTC -3’ GOOOOOO RT-PCR 
18643 
Igf2b Sense: 5'-GTGTGTGGAGAAGATGGCTTTTATA-3' 271 bp AF19433 Semi-quantitative 
(568/569) Antisense 5'-TCCTTAACCTCTGAGCAGCTTTT-3' 3 RT-PCR 
All the pr imers were synthesized by Integrated D N A Technologies, Inc. 
(Coralville, Iowa) 
3.28 Real-time quantitative RT-PCR and semi-quantitative RT-PCR 
Real t ime PGR was carried out on the iCycler iQ Real- t ime PGR Detect ion 
System (Bio-Rad, Hercules, CA) in a vo lume of 30 |al containing 10 fal diluted 
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RT reaction product (1:15 dilution with water), 1 x PGR buffer, 0.2 mM each 
dNTP, 2.5 mM MgCb, 0.2 |LIM each primer, 0.75 U Taq polymerase, S Y B R 
Green (1:35,000, Molecular Probes, Leiden, The Netherlands), and 20 nM 
fluorescein (Bio-Rad). The reaction profile consisted of 38 cycles of 94°C for 
30 sec, 60°C for 30 sec, 72°C for 1 min and 80°C for 7 sec for signal detection. 
A melt-curve was constructed at the end of the reaction with 180 cycles of 7 sec 
and temperature increasing at a rate of 0.2°C per cycle for specificity analysis. 
For semi-quantitative RT-PCR analysis, the cycle numbers used were 
optimized according to the previous chapter and our previous report (Wang and 
Ge，2003). PGR was carried out in a volume of 30 |LI1 consisting of 10 \i\ 
diluted RT reaction product, 1 x PGR buffer, 0.2 mM each dNTP, 2.5 mM MgCb, 
0.2 i^M each primer, and 0.6 U Taq polymerase for various cycles with the 
profile of 30 sec at 94°C, 45 sec at 56°C for bactin, 59°C for igfl, 60°C for igf2 
and igflr and 60 sec at 72°C. The cycle numbers for semi-quantitative analysis 
were 33 cycles for igfl, 30 for igflr and igf2 and 23 for bactin. 
3.2.9 Data analysis 
The mRNA level of each gene was first normalized to that of bactin, which 
acts as the internal control, and then expressed as the fold change compared to 
the control group. All experiments were expressed as the mean 土 SEM，and 
the data were analyzed by one-way ANOVA followed by Dunnett's test using 
GraphPad Prism 4.0 for Macintosh OS X (GraphPad Software, San Diego, CA). 
We performed all the experiments at least twice to confirm the results using 
different batches of animals. 
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3.3 Results 
3.3.1 Expression of growth hormone (gh), growth hormone receptors (ghrl and 
ghr2)，IGF-I (igfl), IGF-II (igfl), IGF-I receptor (igflra and igflrb), activin 
subunits (inhba and inhbb) and follistatin (fst) in cultured zebrafish ovarian 
fragments 
To investigate the expression and regulation of the GH/IGF system and 
activin/follistatin system in vitro, the basal expression level of each gene was 
first monitored over 0，24, 48 and 72 hr of ovarian fragment incubation. It was 
found that gh, ghrl, ghr2, igfl’ igf2a,igf2b, igflra and igflrb had high 
expression level on day 0; however, their expression levels decreased slightly 
with incubation time (Fig. 3-1, 3-2，3-3). For the activin system, inhba and fst 
showed a decreasing trend in expression level as incubation time increased. 
However, the expression level of inhbb increased as incubation time increased 
from 0 to 72 hr (Fig. 3-4). 
3.3.2 Establishment of real-time RT-PCR for zebrafish inhba, inhbb, and bactin 
Specific DNA fragments for inhba, inhbb, and bactin were amplified from 
the zebrafish ovarian cDNA. The amplified products were quantified and used 
as the standards in real-time PGR assays. The log copy number of the standard 
templates exhibited a linear relationship with Ct (cycle threshold, the lowest 
cycle number at which the amplification signal could be detected by the 
real-time PGR machine) within a wide range of l O � � l O ? (Fig. 3-5). The 
specificity was confirmed by melt curve analysis and agarose gel 
electrophoresis. 
3.3.2 GH regulation of activin expression in cultured zebrafish follicle cells 
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To investigate whether activin is a downstream mediator of GH action, the 
effect of GH on expression of activin subunits inhba and inhbb was studied. 
Using the primary culture of zebrafish follicle cells, we demonstrated that 
recombinant hGH increased the expression of both inhba and inhbb in a 
time-dependent manner. When the cultured cells were treated with hGH (1000 
ng/mL) for 1.5, 3 and 6 hr, significant increases in inhba and inhbb expression 
were observed at 1.5 hr (Fig. 3-6). Dose response experiment (treated with hGH 
at 0，30, 1000，and 3000 ng/mL) showed the highest inhba and inhbb expression 
levels at the hGH dosage of 1000 ng/mL although the effects were not 
statistically significant (Fig. 3-6). Treatment of cultured follicle cells with 
recombinant bGH gave a similar result. When bGH was added to cultured 
follicle cells at 1000 ng/mL and treated for 1.5, 3，and 6 hr, an increase in inhba 
expression was observed at 1.5 hr while the expression of inhbb significantly 
increased at 3 hr (Fig. 3-7). 
3.3.4 GH regulation of IGF-I expression in cultured zebrafish follicle cells 
To study whether IGF-I acts as the mediator of GH action in zebrafish 
ovary as in the classical GH-IGF-I axis, the effect of GH on igfl expression was 
also investigated. When bGH was added to cultured zebrafish follicle cells at 
1000 ng/mL for 1.5, 3, 6 hr, an increase in igfl expression was observed in at 1.5 
hr of treatment (Fig. 3-8). However, when hGH was used, the expression of 
igfl did not change in either time course (1.5, 3，6 hr) or dosage response 
experiment (30，1000, and 3000 ng/mL) (Fig. 3-8). 
3.2.5 IGF-I regulation of activin expression in cultured zebrafish follicle cells 
When tested in cultured follicle cells, recombinant human IGF-I increased 
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the expression of inhba but decreased that of inhbb in a clear time and 
dose-dependent manner. As seen in Fig. 3-9，IGF-I treatment increased the 
expression of inhba but decreased the expression of inhbb significantly at the 
dosage of 10 ng/mL. While the effect of IGF-I (10 ng/mL) on activin subunits 
was most significant at 3 hr of treatment, as observed in the time-course 
experiment (Fig. 3-10). 
3.3.6 Activin regulation of IGF systems 
When different doses of recombinant goldfish activin B (4, 8，and 16 U/mL) 
were added to zebrafish ovarian fragments for 24 hr, the expression of igflrb 
decreased significantly at the dosage of 8 and 16 U/mL. However, no change 
of expression level was observed for igfl, igf2a and igfib (Fig 3-11 and 3-12). 
3.4 Discussion 
To understand the basal expression level of each gene in the GH/IGF and 
activin/follistatin systems, we first attempted to monitor their change in 
expression level over 3 days of incubation of zebrafish ovarian fragments. It 
was found that unlike the expression of zebrafish aromatase and inhibin-a, which 
decreased dramatically once the ovaries were isolated from in vivo environment 
(unpublished data), the expression of genes in the GH/IGF system {gh, ghr, igfl, 
igf2 and igflr) in ovarian fragments only showed a slight decrease after 3 days of 
incubation. An appropriate endocrine environment present in vivo may be vital 
in maintaining the normal expression level of some genes like aromatase and 
inhibin-a in the fish ovary, and thus when the ovaries was placed in vitro, the 
internal endocrine stimulators were also removed which caused their expression 
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to decrease dramatically. On the other hand, the expression of genes in the 
GH/IGF system might be regulated by internal endocrine factors to a smaller 
extent. These genes might play a modulatory or tonic role in maintaining 
normal functions of the ovary, and their expression levels are probably 
maintained by the intrinsic local ovarian factors. Interestingly, for the 
activin/follistatin system, the expression of inhba and fst decreased over 3 days 
of incubation，while inhbb expression increased in sharp contrast. These 
changes are probably due to the removal of pituitary gonadotropins because we 
have previously demonstrated that hCG significantly siimulatQS-inhba and fst 
expression (Wang and Ge, 2003, 2004) but suppresses inhbb expression (Wang 
and Ge, 2003) in cultured zebrafish follicle cells. These results obtained with 
the ovarian fragments were somehow consistent with our previous study using 
isolated FG follicles in which both inhba and fst declined their expression when 
the FG follicles underwent spontaneous maturation characterized by GVBD, 
while the expression of inhbb was significantly higher in the mature follicles 
(Wang and Ge, 2004). It was hypothesized that gonadotropins probably acts in 
the ovary by activating inhba but not inhbb to promote oocyte maturational 
competence and final maturation. This is supported by the in vitro findings that 
hCG and goldfish pituitary extract stimulate zebrafish inhba but inhibit inhbb 
expression in the follicle cells (Wang and Ge, 2003) and an injection of hCG into 
the adult zebrafish increases the production of activin A protein (Wu et al., 
2000). 
As the major growth-promoting hormone, GH is well known to exert its 
somatotropic actions by stimulating the expression of igfl in both the liver and 
various peripheral tissues. However, the presence of such GH/IGF axis in the 
ovary remains highly controversial. Both IGF-I-dependent and -independent 
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effects of GH have been reported in mammals. For instance, GH stimulated 
estradiol synthesis in humans and pigs, and the effect of GH on steroidogenesis 
was blocked by the addition of a neutralizing IGF-I antibody (Lucy, 2000). In 
cows, treatment of GH enhanced IGF-I content of large follicles, suggesting that 
GH may play a role in mediating the effects of nutritional state on ovarian 
function during post-partrum period, possibly through alternation of 
intrafollicular IGF-I concentration (Andrade et al., 1996). On the other hand, 
GH failed to increase ovarian IGF-I synthesis in the reproductive tissues of cattle 
(Kirby et al., 1996). Moreover, GH treatment did not stimulate IGF-I output in 
ovine granulosa cells either, suggesting that the effect of GH on ovarian 
progesterone synthesis is probably mediated directly through their own receptors 
rather than through ovarian IGF-I synthesis (Wathes et al., 1995). Other reports 
have suggested activin as a possible mediator of GH actions as GH-induced 
development of preantral follicles in imature mice is independent of IGF-I, and 
this effect is blocked by follistatin, which binds and inactivates activin (Liu et al., 
1998). Using specific cAMP-dependent inhibitors of protein kinase A (PKA), it 
has also been demonstrated that the stimulatory effect of GH on the expansion of 
cumulus cells may be mediated by cAMP (Bevers, 1998). The stimulation of 
PKA by GH and the prevention of GH-induced reduction of apoptosis by PKA 
blockers in bovine ovarian granulosa cells has provided further evidence that the 
GH effects on the ovarian cells are mediated by the cAMP/PKA system (Sirotkin 
and Makarevich, 1999). Thus, the ovarian GH actions may most likely involve 
both IGF-I-dependent and -independent pathways, and further studies are needed 
to elucidate the relative importance of these pathways in ovarian development 
and function. 
Our laboratory has recently demonstrated that GH likely promotes 
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zebrafish oocyte maturation via the local activin/follistatin system because the 
effect of GH on oocyte maturation could be completely abolished by follistatin, 
the activin-binding protein. Interestingly, although IGF-I also stimulated 
oocyte maturation in the zebrafish, its effect could not be inhibited by follistatin 
(unpublished data). In the zebrafish, it was previously found that activin 
significantly increased the rate of oocyte maturation in vitro and coincubation 
with follistatin completely abolished the stimulatory effect of activin (Pang and 
Ge, 1999). Follistatin binds to activin with extremely high affinity, which 
limits the bioavailability of activin (Xiao et al., 1992). These findings are 
surprisingly similar to a study in the rat in which both GH and activin A, but not 
IGF-I, showed a stimulatory effect on follicular growth in vitro. Interestingly, 
the GH- or activin-stimulated rat follicular growth was both suppressed by 
follistatin in a dose-dependent manner (Liu et al., 1998). This study, together 
with the findings in our laboratory, suggests a novel idea that GH may exert 
some of its actions in the ovary through activin/follistatin system rather than 
IGF-I. However, neither study could prove a direct link between GH and 
activin. Therefore, whether GH stimulates activin production in the ovary 
remains unclear. Thus, the present study aims at clarifying the relationship 
between the GH/IGF and activin/follistatin system in the zebrafish ovary. 
Using a primary culture of zebrafish follicle cells, our present result 
showed that both recombinant human and bream GH increased the expression of 
inhba and inhbb in a clear time and dose-dependent manner. To our knowledge, 
this is the first report to show that GH has a direct effect on activin expression, 
which supports the idea that activin is likely a downstream mediator of GH 
action on ovarian functions. Since numerous reports have suggested that GH 
increases ovarian IGF-I (Adashi et al., 1991; Lucy, 2000), despite some 
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suggestions for alternative candidates as the mediator of GH actions in the ovary 
(Izadyar et al., 1998; Liu et al., 1998)，we alsoinvestigated whether IGF-I also 
mediates GH action in the zebrafish ovary by examining the regulation of local 
igfl expression by GH in cultured zebrafish follicle cells. Bream GH seemed to 
increase igfl expression significantly at 1.5 hr of treatment; however, the effect 
was not repeatable when human GH was used. The inconsistent result may be 
due to the use of heterologous GH from different species. 
To understand more about the relationship between GH/IGF-I and 
activin/follistatin system, we further investigated whether IGF-I, a classical 
mediator of GH, could regulate expression of activin subunits. It was found 
that the administration of recombinant human IGF-I increased inhba expression 
but decreased that of inhbb in cultured zebrafish follicle cells. It has been 
reported in mammals that injection of IGF-I in mares increased the concentration 
of Activin A in the ovarian follicular fluid (Ginther et al., 2004). Interaction of 
IGF-I and activin was also reported in the rat, in which the 
endogenously-produced IGF-I was believed to play an obligatory role in 
activin-induced inhibin-a production in granulosa cells (Kubo et al., 1998). On 
the other hand, recombinant goldfish activin B treatment of cultured zebrafish 
follicles seemed to decrease the expression level of igflrb, while it had no effect 
on Igfl, igf2a and igf2b. The present study on the interactions and regulations 
between GH/IGF and activin/follistatin system is rather preliminary, further 
investigations on this issue using other fish and mammalian species are needed 
to confirm the present hypothesis. 
In summary, we have clearly demonstrated that the GH/IGF and 
activin/follistatin systems are inter-related and -regulated. Although the 
physiological significance of this interaction is currently unknown, the present 
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study strongly suggests important regulatory roles for the GH/IGF and 
activin/follistatin systems in zebrafish ovarian functions. 
- 5 6 -
gh CTL , 24h � , 48h � , 7?h 
bactin 
125-
H " ^ ^ ^ r ^ I "1 : r 
1 1 ： | | ： P y j f - ^ 
CTL 24 46 72 ““^ T* O fT" Tlm«. hour Tlm». hour 
ghr1 
CTL 24h � 48h 72h 
BS B B B S S B E B ^ ^ ^ B H H s r " " 
^ S ^ S E E B I ^ B E ^ a ^ B S B S B ] bactin 
125-
1 O 100- Majw ujggjg _ lit] T acnn 
雇就圓门I; V 
CTL 24 48 72 CTL 24 4« 72 
Tbtw. hour Tim». hour 
CTL 24h 48h 72h 
B b e s e s b s b s b s ^ B B H ^ B I ^ ^ B ^ ^ ' n 
% p! 一 m, 
I O 100- oAM ** ** —-acbn 
乏、 H H T — ** I T ？入-
^^ wst l A r n _ ； i 100. c � • � � 
i!:|iQH 
CTL 24 48 72 " ^ H Tt TT" 
hour Tmw. hour 
Fig. 3-1 Expression of gh, ghrl and ghr2 in ovarian fragments incubated for 24， 
48 and 72 hr. The diagrams on the left panel were normalized with bactin and 
expressed as fold change compared to the respective control. Each value 
represents the mean 土 SEM of independent RT-PCR reaction of four replicates. 
Diagrams on the right panel show the changes of expression of individual genes 
without normalization. *P<0.05; • • P< 0.001 vs. CTL 
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Fig. 3-2 Expression of igfl and igfl in ovarian fragments incubated for 24，48 
and 72 hr. The diagrams on the left panel were normalized with bactin and 
expressed as fold change compared to the respective control. Each value 
represents the mean � SEM of independent RT-PCR reaction of four replicates. 
Diagrams on the right panel showed the changes of expression of individual 
genes without normalization. •P<0.05; P< 0.001 vs. CTL 
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Fig.3-3 Expression of igflra and igflrb in ovarian fragments incubated for 24， 
48 and 72 hr. The diagrams on the left panel were normalized with bactin and 
expressed as fold of change compared to the respective control. Each value 
represents the mean 土 SEM of independent RT-PCR reaction of four replicates. 
Diagrams on the right panel showed changes of expression of individual genes 
without normalization. *P<0.05; ** P< 0.001 vs. CTL 
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Fig.3-6 Effect of recombinant human growth hormone (hGH) on expression of 
activin subunits. Upper panel: Time course effect of hGH on inhba and inhbb 
in cultured zebrafish ovarian follicle cells. Lower panel: Dose response of hGH 
on inhba and inhbb in cultured zebrafish ovarian follicle cells. The expression 
of diagram A and B were normalized with bactin and expressed as fold change 
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effects on the expression of inhba and inhbb in the cultured zebrafish ovarian 
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Fig. 3-11 Dose response of recombinant goldfish activin B effect on the 
expression of igfl and igflrb in the cultured zebrafish ovarian follicle cells. 
The cells were treated for 24 hr at different doses (4, 8, 16 U/mL). The data on 
the left were normalized with bactin and expressed as fold change of the 
respective control. Each value represents the mean 土 SEM of independent 
semi-quantitative RT-PCR reaction of three replicates. While expression on the 
right panel show individual change in expression of bactin, igfl and igflrb. 
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Fig. 3-12 Dose response of recombinant goldfish activin B effect on the 
expression of igfta and igflb in the cultured zebrafish ovarian follicle cells. 
The cells were treated for 24 hr at different doses (4，8, 16 U/mL). The data on 
the left were normalized with bactin and expressed as fold change of the 
respective control. Each value represents the mean 土 SEM of independent 
semi-quantitative RT-PCR reaction of three replicates. While expression on the 
right panel show individual change in expression of bactin, igf2a and igflb. 
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Chapter 4 
Production of Recombinant Zebrafish Growth Hormone 
4.1 Introduction 
Due to the limited availability of fish growth hormone (GH), the majority 
of studies on GH bioactivities have been carried out using mammalian GH. 
Although similar qualitative effects of heterologous GH on a number of 
physiological functions have been reported (Le Gac et al” 1992; MacLatchy et 
al., 1992)，the effects of these heterologous hormones are suspected to be less 
potent. There may also be a potential risk that heterologous GH could elicit 
different responses by cross-reacting with receptors of the related hormones such 
as prolactin and somatolactin. We previously demonstrated in Chapter 3 that 
recombinant bream GH increased the expression level of igfl in cultured 
zebrafish follicle cells. However, this effect could not be repeated when 
recombinant human GH was used and such discrepancy may be due to the use of 
heterologous GH. To avoid the complexity of using heterologous hormones 
from other species in future studies, the present study aims at producing 
recombinant zebrafish GH using the yeast Picha pastoris as the bioreactor. 
As a main therapeutic protein related to human health, GH has been a main 
interest of the biotechnological industry. GH is a single-chain polypeptide 
hormone secreted from the anterior pituitary gland, and it sustains normal growth 
and development of vertebrates (Knobil and Hotchkiss, 1964). GH is a member 
of structurally related peptide hormone family that also includes prolactin, 
somatolactin, and chorionic somatomammotropin (placental lactogen). 
Analysis of the genes and primary structure of these hormones suggests that they 
have evolved from a common ancestry (Rand-Weaver et a l , 1993). GH genes 
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have been isolated from several mammalian species and the recombinant 
proteins expressed in E.coli system, including the rat (Seeburg et al., 1977)， 
human (Martial et al., 1979)，cow (Miller et a l , 1980)，and pig (Seeburg et al., 
1983). Due to the potential role of GH in enhancing the growth rate of fishes in 
aquaculture, recombinant GH has also been successfully produced in E.coli in a 
few fish species including the eel (Sugimoto et al., 1991)，carp (Fine et al., 1993; 
Venugopal et al., 2002), and chum salmon (Sekine et al., 1985). However, 
using E.coli to produce eukaryotic hormones has various limitations as E.coli is a 
prokaryote and its intrinsic characteristics in terms of protein processing, protein 
folding, and post-translational modification are different from those of 
eukaryotes. It has been reported that the recombinant proteins may be 
denatured and precipitated into the inclusion bodies when expressed in cytosol 
and the yield is poor when secreted into the periplasmic space (Gellissen and 
Melber, 1996). These limitations have prompted scientists to seek new 
production systems. 
Recently, there has been an increasing use of the Pichia system to produce 
recombinant GH of a variety of vertebrate species, including carp (Wang et al., 
2003)，canine (Ascacio-Martinez and Barrera-Saldana, 2004)，porcine (Ouyang 
et al., 2001), and human (Palma-Nicolas et al., 2005). Pichia pastoris, as a 
methylotrophic yeast, has been shown to be an outstanding host of high level 
expression of a wide variety of recombinant proteins (Cereghino et al., 2002). 
As a eukaryote, Pichia has many of the advantages of higher eukaryotic 
expression systems such as proper protein processing, protein folding and 
posttranslational modifications, while being as easy to manipulate as E.coli or 
Saccharomyces cerevisiae. It is faster, easier and less expensive to use than 
other eukaryotic expression systems such as baculovirus or mammalian cells, 
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and generally gives higher expression levels (Buckholz and Gleeson, 1991). As 
yeast, it shares the advantages of easy molecular and genetic manipulations with 
Saccharomyces, and it has the added advantage of 10- to 100-fold higher 
heterologous protein expression levels. Moreover, Pichia has a higher 
secretory capacity and low levels of endogenous proteins than other yeasts. 
These features make Picha a very useful protein expression system (Romanos et 
al., 1992). 
4.2 Material and Methods 
4.2.1 Animals 
Zebrafish, Danio rerio, were purchased from local pet stores and 
maintained in flow-through aquaria (36 liters) at 26°C on a 14-h light and 10-h 
dark photoperiod. The fish were fed twice a day with the commercial tropical 
fish food with supplement of live brine shrimp once or twice a week. All 
experiments were performed under license from the Government of the Hong 
Kong SAR and endorsed by the Animal Experimental Ethics Committee of the 
Chinese University of Hong Kong. 
4.2.2 Construction of expression plasmids pPIC9K/zfGH 
Based on the alignment of zebrafish GH mRNA complementary sequence 
against cDNA sequences of other fish species (Fig. 4-1)，the mature region of 
zebrafish GH was deduced and gene-specific primers were designed (Table 4). 
Restriction sites for EcoRI (CCGGAATTC) and NotI (ATAAGAATGCGGCCG) 
were added at the 5'-end of the sense and antisense primers respectively for 
subsequent cloning into the Pichia pastoris expression vector pPIC9K 
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(Invitrogen, Carlsbad, CA). The pPIC9K vector contains the promoter from the 
alcohol oxidase (AOXl) gene and the a—factor signal peptide sequence for 
secretion of the protein (Fig. 4-3). 
To amplify the ORF of zebrafish GH, total RNA was freshly isolated from 
zebrafish pituitary as it is the major site of GH production and reverse 
transcribed at 37°C for 2 hr in a reaction of 10 |LI1 solution consisting of 1 X 
M-MLV RT buffer, 0.5 mM each dNTP, 0.5 |al oligo(dT), and 80 U M-MLV 
reverse transcriptase (Invitrogen). PGR was carried out in a volume of 30 \x[ 
consisting of lOjul RT reaction product, 1 X PGR buffer, 0.2 mM each dNTP, 2.5 
mM MgCb, 0.2 \iM each primer, 1.5 U Pfu polymerase for 30 cycles with the 
profile of 30 sec at 94°C，45 sec at 56°C for 30 sec and 60 sec at 72°C. 
The PCR products were double digested with EcoRI and NotI, and cloned 
into pPICK9K vector at EcoRI and NotI sites downstream of the AOXl promoter 
to generate three plasmid constructs: 1) pPIC9K/zfGH640 that produces native 
form of zebrafish GH; 2) pPIC9K/zfGH641 that produces zebrafish GH with a 6 
X His-tag added at the N-terminus; and 3) pPIC9K/zfGH642 that produces 
zebrafish GH with a 6 X His-tag added at the C-terminus (Fig. 4-3). 
Sequencing was performed to confirm the identity of the constructs. Both 
strands of the cDNA were sequenced with BigDye™ Terminator Cycle 
Sequencing Kit v3.1 and ABI PRISM 3100 Genetic Analyzer (Applied 
Biosystems, Foster City, CA). 
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Table 4. Primers for PCR amplification offull-length zebrafish GH 
Construct Primer sequence Accession no. 
pPIC9K/zfG Sense: 5'-CCGGAATTCGCCTCCGAAAACCAGCGGCTCTTC - 3' NM_001020492 and 
H640 Antisense: ENSDART0000005 





5'-ATAAGAATGCGGCCGCCTACAGGGTACAGTTGGAATCCAG- 3, (NotI 
bolded) 




All primers were synthesized by Intergrated DNA Technologies, Inc. (Coralville, 
Iowa). Restriction sites for EcoRI (CCGGAATTC) and NotI 
(ATAAGAATGCGGCCG) are bolded and the sequence for 6 X His tag is 
underlined. 
4.2.3 Production of recombinant zebrafish GH using Pichia pastoris 
The cloned zebrafish GH was expressed in Pichia pastoris according to the 
protocol of the Multi-Copy Pichia Expression Kit (Invitrogen). Briefly, the 
expression plasmids pPIC9K/zfGH640-642 or the vector pPIC9K (control) were 
linearized by Bglll restriction digestion for homologous recombination into the 
Pichia genome. The linearized construct was introduced into Pichia GS115 
strain by electroporation. Briefly, The linearized DNA was mixed with 80 |ul 
GS115 cells, transferred to an ice-cold electroporation cuvette and incubated for 
5 min. The cells were pulsed on the GenePulser (Bio-Rad, Hercules, CA) using 
the following parameters: 2.5 kV voltage and 200 Ohm resistance. One mL of 
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ice-cold 1 M sorbitol solution was then added to the cuvette immediately and the 
content was transferred to a sterile microcentrifuge tube. The transformants 
were then plated on histidine-deficient medium. After 4 days of incubation at 
30C, the colonies were transferred to plates containing various concentrations of 
Geneticin to select transformants with the highest resistance. A single colony 
was picked, inoculated in 20 ml BMGY (1 % yeast extract, 2 % peptone, 100 
mM potassium phosphate, 1.34 % YNB, 4 x 10'^% biotin, and 1 % glycerol) 
medium, and cultured at 30°C until the density reached an OD600 of 2-6. The 
cells were then harvested by centrifugation at 3000 g and resuspended in 20 ml 
BMMY (1 % yeast extract, 2 % peptone, 100 mM potassium phosphate, 1.34 % 
YNB, 4 X 10-5% biotin, and 1 % methanol) medium to induce expression of the 
target protein. Methanol (100%) was added to a final concentration of 0.5 % 
every 24 hr for 4 days to maintain induction. The supernatant was finally 
collected by centrifugation at 3000 g and stored for subsequent protein and 
functional analysis. 
4.2,4 SDS-PAGE and silver staining 
The supernatant collected from induced Pichia culture was electrophoresed 
on 12.5 0/0 SDS-PAGE gel. Silver staining was performed according to the 
protocol of PlusOne Silver Stain Kit (Amersham, Buckinghamshire, UK) to 
visualize the bands. Briefly, the gel was fixed by soaking in the fixation 
solution for 30 min and in the sensitizing solution for 30 min. It was then 
washed three times with distilled water before silver solution was added. After 
20 min of shaking in silver solution, the gel was washed twice and then soaked 
in the developing solution until bands appear. Finally, the stopping solution 
was added for 10 min with shaking. 
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4.2.5 Purification 
The volume of the collected supernatant (300 ml) was reduced by 
freeze-drying and reconstitution in 25 ml of phosphate buffered saline PBS (140 
mM NaCl, 2.7 mM KCl, 10 mM NazHPO]�and 1.8 mM KH2PO4, pH 7.4). The 
protein was then dialyzed against PBS for 15 hr to remove salts and impurities 
from the Pichia culture medium. For construct pPIC9K/zfGH642, the 
His-tagged protein was purified by Ni-NTA affinity chromatography 
(QIAexpressionist, Qiagen). Briefly, two ml Ni-NTA matrix was added to 20 
ml supernatant containing His-tagged protein and mixed by gentle shaking on a 
rotary shaker at 4°C overnight. The mixture was then loaded into a column 
with the bottom outlet capped. The flow-through was collected and the column 
was washed twice with the washing buffer (50 mM NaH2P04, 300 mM NaCL, 
and 20 mM imidazole, pH 8.0). The protein was finally eluted with the elution 
buffer (50 mM NaHzPO*�300 mM NaCL, and 250 mM imidazole, pH 8.0). 
The eluted solution was concentrated by 500-fold using Amicon Ultra-15 
Centrifugal filter device (Millipore). For pPIC9K/zfGH640, only dialysis was 
performed and the solution was also concentrated by 500-fold using Amicon 
Ultra-15 Centrifugal filter device (Millipore). 
4.2.6 Primary follicle cell culture 
Previtellogenic and vitellogenic follicles were collected from about twenty 
female zebrafish and placed in a 90-mm culture dish containing 60% medium 
Leibovitz's L-15 (Invitrogen). They were washed several times with Medium 
199 (Invitrogen). The follicles were then cultured in Medium 199 
supplemented with 10 % fetal calf serum (Hyclone, Logan, Utah) at 28°C in 5 % 
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CO2 for 6 days. The proliferated follicle cells were harvested by trypsinization 
and plated in 24-well plates for 24 h before treatments, with approximately 2.5 x 
10^ cells in each well. 
4.2.7 Zebraflsh hepatic cell culture 
Hepatic tissues were collected from 15 to 20 zebrafish in each experiment 
and placed in culture dish containing 60 % medium Leibovitz's L-15 
(Invitrogen). For hepatic cell dispersion, the hepatic tissues were cut into small 
pieces using a blade and washed 2-3 times by ice-cold PBS. The hepatic 
tissues were then enzymatically dispersed with 0.2 % Type I collagenase 
(Worthington, Lakewood, NJ) and gentle shaking at 1000 rpm in the 
Thermomixer Comfort (Eppendorf, Hamburg, Germany) at 28°C for 1 to 1.5 hr. 
The dispersed cell suspension was washed several times with PBS, and finally 
re-suspended in Medium 199 (Invitrogen) containing fungizone (2.5 jLig/ml), 
streptomysin (100 mg/L), penicillin (60 mg/L), and 10 % FBS. The cells were 
plated into a 24-well plate and incubated for 24 hr in a CO2 incubator (5 % in air 
at 28°C) before treatment. Before drug treatment, the medium was removed 
and the cells were then incubated in serum-free Ml99，with or without drugs 
(control) for 24 hr. Fig. 4-4 show the morphology of zebrafish hepatic cell 
culture after 24 hr of incubation. 
4.2.8 RNA extraction and RT-PCR 
Total RNA was isolated from the zebrafish follicle or hepatic cell culture 
with Tri-Reagent (Molecular Research Center, Cincinnati, OH). Two hundred 
microliters of Tri-Reagent were added to each sample, and the samples were 
shaken for 20 min at 1300 rpm on the Thermomixer Comfort (Eppendorf). 
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Chloroform (50 |al) was added to each tube, vortexed on the thermomixer for 5 
min, and incubated at room temperature for 5 min. The samples were spun at 
13,000 rpm for 20 min at 4°C. The aqueous layer (85 |al) was transferred to a 
new tube and mixed well with 100 i^l isopropanol. After placed at - 20C for 
30 min, the RNA was pelleted by centrifugation at 13,800 rpm for 40 min at 4°C. 
The pellet obtained was then washed with 75 % DEPC-ethanol，centrifuged for 
15 min at 4°C and air-dried. The total RNA extracted was reverse transcribed 
into cDNA at 42 for 2 hr in a total volume of 10 |LI1 reaction solution consisting 
IX M-MLV RT buffer, 0.5 mM each dNTP, 0.5 |LI1 oligo(dT), and 80 U M-MLV 
reverse transcriptase. 
4.2.9 Real-Time PCR 
Real time PCR was carried out on the iCycler iQ Real-time PCR Detection 
System (Bio-Rad) in a volume of 30 (al containing 10 [il RT reaction product 
(1:15 dilution with water), 1 X PCR buffer, 0.2 mM each dNTP, 2.5 mM MgCb, 
0.2 |iM each primer, 0.75 U Taq polymerase, SYBR Green (1:35,000, Molecular 
Probes, Leiden, The Netherlands), and 20 nM fluorescein (Bio-Rad). The 
primers used in real-time PCR analysis were listed in Table. 5. The reaction 
profile consisted of 38 cycles of 94°C for 30 sec, 60°C for 30 sec, 72°C for 1 
min and 80°C for 7 sec for signal detection. A melt-curve was constructed at 
the end of the reaction with 180 cycles of 7 sec and temperature increasing at a 
rate of 0.2°C per cycle for specificity analysis. 
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Table 5. Primers for real-time and semi-quantitative RT-PCR analysis 
Gene Primer Expected Accession Application 
size No. 
bactin Sense: 5'-TGCTGTTTTCCCCTCCATTG-3' 109bp AF047044 Real - t ime RT 
(69/70) Antisense:5'-ATACCTCTCTTGCTCTGAGCCTCA 0 PCR 
T-3' 
Inhba Sense: 5'- CTACCGTATCCGAGGGTACAG-3' 149bp AF475092 Real-time 
(289/290) Antisense: 5'- AGCCGCATTCTTCTACAATCAT-3' RT-PCR 
Inhbb Sense: 5'- CCCATGATGGAGAAACGTGTT-3' 120bp X76051 Real-time RT 
(291/292) Antisense: 5'- GCAGTGGATGTCGAGGTCTT-3' PCR 
Igfl Sense: 5'- GCTGTCTCCCGAGTACCCAC-3' 470bp ENSDAR Semi-quantitat 
(566/583) Anisense:5'-CTGTCCAACGGTTTCTCTTGTCTC- TOOOOOOO ive and real 
3， 4717 time PCR 
All the primers were synthesized by Integrated DNA Technologies, Inc. 
(Coralville, Iowa) 
4.2.10 Cell culture and transient transfection 
To examine the functionality of recombinant zebrafish GH, a 
receptor-based reporter assay was adopted. All the constructs and materials for 
transient transfection and luciferase reporter gene assay were kindly provided by 
Professor Anderson O.-L. Wong (University of Hong Kong). The CHO 
(Chinese Hamster Ovary) cells were cultured in F-12 medium supplemented 
with 10 % FBS at 37 °C with 5 % CO2. The cells were transiently 
co-transfected with an expression construct for grass carp GHR, a construct 
expressing STAT, and the promoter reporter construct GHRE-LUC using 
lipofectamine (Invitrogen, Carlsbad, CA) according to the protocol of the 
manufacturer. The internal control plasmid LUC was transfected at the same 
time. Eighteen to twenty-four hr after transfection, the transfected CHO cells 
were treated with recombinant zebrafish GH for 24 hr. 
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4.2.11 Luciferase reporter assay 
The CHO cells were washed with 1 x PBS and lysed by 170 \i\ of Triton 
X-100 containing glyclyglycine lysis buffer. The cell lysate was then cleared 
by centrifugation and assayed with the Dual Luciferase Reporter Assay System 
(Promega). The luciferase activity in 50 fil lysate was monitored using 
MicroLumat Plus LB96V Microplate Luminometer (Berthold Technologies). 
4.2.12 Data analysis 
The signal peptides and location of cleavage sites were predicted based on 
the alignment with the molecules of other species and the analysis with 
SignalP3.0 program of the ExPASy (Expert Protein Analysis System) proteomics 
server of the Swiss Institute of Bioinformatics (SIB). 
For functional assay, the mRNA level of each target gene was first 
normalized to that of bactin, which was used as the internal control, and then 
expressed as the fold change compared to the control group. The data were 
analyzed by one-way ANOVA followed by Dunnett's test using GraphPad Prism 
4.0 for Macintosh OS X (GraphPad Software, San Diego, CA). We performed 
all the experiments at least twice to confirm the results using different batches of 
animals. In luciferase reporter gene assay, the firefly luciferase activity was 
normalizaed to that of Renilla luciferase activity, which acts as the internal 
control, and then expressed as the fold change compared to the control group. 
The data was analyzed by one-way ANOVA followed by Newman-Keuls test 
using GraphPad Prism 4.0. 
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4.3 Results 
4.3.1 Production of recombinant zebrafish GH 
Three expression plasmids: 1) native zfGH (construct pPIC9K/zfGH640); 2) 
zfGH with a 6 X His tag at the N-terminus (pPIC9K/zfGH641); and 3) zfGH with 
a 6 X His tag at the C-terminus (pPIC9K/zfGH642) were successfully 
constructed with the Pichia expression vector, pPIC9K. The pPIC9K/zfGH 
(640，641 or 642) plasmid was introduced and expressed in Pichia. The 
supernatant after methanol induction was collected and SDS-PAGE was 
performed. As seen in Fig. 4-5, a band with expected size ( � 2 0 kDa) could be 
observed, which was presumably the recombinant zfGH protein. In addition, a 
band of smaller size could also be observed together with the zfGH band. This 
smaller product could not be found in the control clones which did not express 
zfGH. 
4.3.2 Effect of recombiant zfGH on the expression of activin 日A and /9B in 
cultured zebrafish follicle cells 
As one of the bioassays for the bioactivity of recombinant zfGH, we 
examined the effect of the affinity purified zfGH made from the construct 
pPIC9K/zfGH642 on the expression of activin PA {inhha) and pB {inhbh) in 
cultured zebrafish follicle cells. The products from the other two constructs 
were not tested because of the time limit. The addition of 5 and 10 \x\ of zfGH 
(construct 642) to cultured follicle cells for 2 hr resulted in a 2-fold significant 
increase in the expression of inhba, while inhbb expression remained constant. 
The control treatment with the medium from pPIC9K-transformed Pichia, on the 
other hand, did not cause any change in expression level of either inhba or inhbb 
(Fig. 4-6). 
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4.3,3 Effect of zfGH on the expression of IGF-I in cultured zebrafish hepatic cells 
When zebrafish hepatic cell culture was treated with recombinant human 
GH (hGH), bream GH (bGH) or zebrafish (zfGH) for 24 hr, the expression of 
igfl increased in all treatments. However, the effects of bream GH and zfGH 
were more significant and potent than that of human GH (Fig. 4-7). 
4.34 Luciferase reporter gene assay 
To further demonstrate the bioactivity of zfGH, we adopted a 
receptor-based reporter assay approach. In the signaling pathway of GH, 
association of GH with two molecules of GHR triggers a tyrosine 
phosphorylation of multiple intracellular proteins for signaling and modulating 
gene expression for somatic growth and metabolism (Argetsinger and Carter-Su, 
1996). Several of the proteins phosphorylated and activated by the GHR 
through JAK2 function as adapters, linking GH signaling to several 
well-characterized signal transduction pathways, including signal transducers 
and activators transcription factors (STAT) (Carter-Su et al., 1996). 
GH-induced phosphorylation of STAT then leads to an increased transcriptional 
activity of the luciferase reporter gene, which is driven by a GH-responsive 
promoter. The amount of reporter luciferase can then be detected in the cell 
lysate using the Luciferase Reporter Gene Assay (Fig. 4-8). 
As shown in Fig. 4-9，the preparation obtained from the Pichia transformed 
with expression plasmid (pPIC9K) alone was used as the control in the 
experiment, while bGH served as the positive control as it had previously been 
proven to work in Prof. Anderson O.-L. Wong's laboratory. Administration of 
recombinant zfGH from pPIC9K/zfGH640 and 641 caused a 5-fold increase in 
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luciferase activity, while zfGH from pPIC9K/zfGH642 increased the luciferase 
activity by 2 folds. 
4.4 Discussion 
From the protein alignment of zebrafish GH sequence against that of other 
fish species (Fig. 4-1)，it can be observed that zebrafish GH shared 91% identity 
with that of tench and grass carp, while it shared only 50% identity with tilapia, 
sea bass and black bream GH, and 35% to 40% identity with mammalian GH 
sequences (Fig. 4-2). This may explain the low potency and reproducibility 
when heterologous GHs from other species were used in the zebrafish. 
In the present study, we successfully cloned and expressed three zebrafish 
G H (zfGH) constructs in the Pichia pastoris. A protein product with correct 
size ( -20 kDa) could be observed in SDS-PAGE together with a band of smaller 
size, while no such bands could be observed in the control medium from the 
Pichia transformed with the vector pPIC9K alone. The smaller band observed 
might be the degraded form of zfGH protein because it was not observed in the 
control group. If specific antibodies are available, Western blot should be 
performed in the future to further prove the production and identity of the 
recombinant protein. 
In the functional assays of zfGH, our results demonstrated that the 
recombinant zfGH produced by the Pichia system was biologically active. 
When tested in zebrafish follicle cell culture, zfGH (construct 642) significantly 
increased the expression of inhba but not inhbb. The effect of zfGH on inhba 
was consistent with that of recombinant human and bream GH (hGH and bGH) 
reported in Chapter 3，except that the effect of zfGH on cultured zebrafish 
follicle cell appeared to be more potent than GH from other species. This may 
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be due to the inter-species molecular differences of GH as bGH and hGH only 
shared 50% and 35% sequence identities with zfGH. To further test this 
explanation, the effect of tench and carp GH on inhba and inhbb could be 
examined in the future as they share higher identities (91%) with zfGH. 
However, though we have previously demonstrated that hGH and bGH 
increased the expression of inhbb in cultured zebrafish follicle cells, its 
expression remained constant when zfGH was used. It is possible that there 
may exist two forms of GHs in zebrafish, which may elicit different responses of 
inhba and inhbb. The existence of two intra-species variants of GH (GH-I and 
GH-II) has been reported in salmonids (Bjomsson, 1997). As the major sites of 
GH production, it is possible that the pituitary and gonad express two different 
forms of GH which regulate inhba and inhbb specifically? Another possible 
reason for the discrepancy is that hGH and bGH used in previous experiments 
might elicit non-specific responses by binding to receptors of related proteins 
such as prolactin. 
According to the somatomedin hypothesis, it is well established that most 
actions of GH are mediated by IGF-I produced in the liver, which then acts on 
other tissues to mediate GH actions (Daughaday et al., 1972). Large body of 
evidence suggests that the GH-IGF-I axis also operates in teleosts fish, as in 
mammals and birds. In coho salmon, rainbow trout, and seabream, GH 
treatment significantly increased IGF-I mRNA levels in the liver (Moriyama, 
1995; Duan, 1998; Leslie F. Jackson, 2000). Thus, to further test the 
functionality of the zfGH produced, a zebrafish hepatic cell culture was 
developed to test the effect of recombinant zfGH on hepatic IGF-I {igfl) 
expression in vitro. It was found that zfGH significantly increased the 
expression of igfl in zebrafish hepatic cell culture as in other fish species (Fig. 
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4-7), 
We also adopted a molecular approach to test the functionality of 
recombinant zfGH using a GH receptor-based luciferase reporter gene assay. 
Such assay has been used to test the biological activity of recombinant GH in the 
human (Sakatani et al., 2003) and other species (Wood et a l , 1995; Zhou and 
Jiang, 2006). Our results showed that all forms of zfGH produced (640, 641 
and 642) increased the luciferase reporter gene activity to different levels, 
indicating that the zfGHs produced were biologically active. However, their 
relative potencies could not be compared as purification was only performed for 
zfGH from pPIC9K/zfGH642, while those from pPIC9K/zfGH640 and 641 were 
only concentrated dialyzed supernatants. 
Due to the limit of time, the present chapter only provides preliminary data 
on the production of recombinant zfGH in the Pichia pastoris system. 
However, with there expression Pichia clones established and their products 
preliminarily characterized, this part of work provides a strong foundation for 
future research on zebrafish GH and its effects in the reproductive system. 
More experiments will need to be carried out to optimize the Pichia production 
system for the highest expression and secretion of the recombinant proteins in 
the supernatants as the expression level of foreign proteins in this system 
depends not only on the native sequence of cDNA, but also on other factors 
including copy number, temperature, pH, induction duration, and concentration 
of inducer (Daugulis, 2000). Moreover, only zfGH with His-tag at the 
C-terminus (pPIC9K/zfGH642) was tested in all the 3 functional assays in the 
present study. Future studies can further compare the bioactivities, 
production/secretion rates, and potencies of all the three forms (640: native zfGH; 
641: zfGH with a His-tag at the N-terminus; and 642: zfGH with a His-tag at the 
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C-terminus) so as to determine the best performer for production in large 
quantity for future use. 
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Recombinant 1 0 
Zebrafish 1 KAR A L,1r;LP'QlVVV S ft L t N 0 G K A S I N Q R I. FN N AV I K V 0 H L 39 
Tench 1 1A R A M�^ L S V V L y S L L Q G R A sjf'N Q R L F.N N*y I RV Q H L 3S 
Grass carp i |IAR A L||lMs V V L^ S L;L VlN Q G T A SSN.Q R L rN N A VI RV Q H L： 39 
Nile tilapia I JC Plii'ffN SggviLS'S V'^ C'.Lf V S S 8；QD SQRL FS I A•；NB^ Tf?^  40 
European sea bass 1 S D P. A ISL'I. S S QiP^ l TEG,QRl FS I AtjER^HNL 37 
Southern black bream i R 籍 v W n l f c ^ L 丨 G 欢 重 S g ^ y 双 . H J ^ 37 
HH AM V L L S V V S L G V S S Q I TE Q R L F S I A V R V Q H L 
Recombinant i MP RM Q S K X r P L S fCM ir»S_ET_ =S 
Zebrafish 40 IRQ tiAKH I H» FIE G I, H P f E R RQl^  S K I F P I. S r CN SDiSSETI 7S 
Tench 40 SCIAAKM 1 Mb FED N I. L PEERRQ L S K I F P L S^ F C H S o'sffiE X« 79 
Grass carp 40 HQ LJ^AKM I N0rlEDNiL;L PilERIfQ L SlCIf'P i SlFCMSDjsME Ag 79 
Nile tilapia 4i IC'LI. A l^： Lf'Sjar E'¥s'L' QTiSEgRai'NXirLQDirCSS D Y® I S® 80 
European sea bass 38 35 L L A 0 R L r S ^ E 3 S 1. OTjEE Ol^ rQ L N* I f U 0 D^ r C H SPYfE I S*] 77 
Southern black bream 38 k I .L ^ R ofl?^ E S Q tMe Q »,0 L N K I F. L Q DiF C H S pi vg I S^ 77 
HLLAQRLFSDFESSL EE RQL KIF FCNSD I P 
Recombinant =6 TGKDITQK«SHM1.KIL RSfl F A L IE S t E iT P S� Q T jt S' S T I 65 
Zebrafish 80 T G K D E T Q K^ S H I, K L I R I S' F R L I E S ¥ E F P S Q TiL S S T I S N S L 115 
Tench 80 TGXDETaKSSM;LKLI,P.ISlF'RLIES*ErPSQT;L3|f,TVSNSL il5 
Grass carp 80 T ( K D « T Q F^tM'i K L JtRlI sj FlR L 1 E S W E F P 3 Q TIL S «!a V S US 
Nile tilapia 81 IDKHETQPS S V[l K L I, S il sj Y G L ¥ E F P S;P. S jL S g G S S 117 
European sea bass 78 IDUhBTQPS s'v^KL L SI SjVRL I E S ¥E F PSiR SjL SjV G P X 
Southern black bream 78 I D y Hg T Q P ji K L L,S jI. dYR L Vg S *E F P s|r SgA^G S A 114 
K ET 0 S S L"K n IS R L I E S W E F PS L sb S N S L 
Recombinant 66 T I L:lT E K系 V D I'-KMfGlS ITOIK G C L D U g P H H D » N雄 S - L 104 
Zebrafish 1=0 T I aM 'IIt E|CL V D KM^lis^ L i|k G C LB'j^ Q PiMoiNis - L 158 
Tench 120 TVf^ H PNaiTEKLAD LKVjGI sJTL IK G C Llj'G'Q PlTMDl^ NBiS - L 158 
Grass carp 1:0 T V(Jlt J> N q t;T EK t A D I v[c I sjt L ijK G C LD'^ Q PjfiMDiNis - I, 158 
Nile tilapia U8 L P. I�S P R l‘S E t L'pfc tR A N QD:工 A E » � P:释:丁|»_|1*釅Q 154 
European sea bass H5 AR ^Q I'S PRl'sE LjilTb lUl；! i|g A N Qd'IS'X E M F pSs S t I q 15i 
Southern black bream US p R ^Q I^ S P KI S E L KTgjjH L|L_IjR A N E J)-,® A E I. FPjliSSAi'g iSl 
G N P N Q I K L L K G I V D 0 H D D T 
Recombinant lOS P L|i F F^ ti L T V« - E Tl&l RE S F P.rrjOTFlJrimfWETYTR^ 143 
Zebrafish 159 P Lf F EKFijB L T V^ - E SFRilLACrKKDHHKVETYlR® 1S7 
Tench 159 P 命L T H麵-E S:S; rRE S F R波A C F K K D K H K V E T Y R凌 1S7 
Grass carp 159 P l|； F eS f I l T M；^ - E siiCRE SFR LLACFKKDMHKVETYLR^  197 
Nile tilapia 155 H Ajgy GN S LiC^G N E S L'» Q T Y EiL L A C TK K D M H K V E T Y L T)| 194 
European sea bass 152 L A,iY GN y||q S L Cf A D E S LJIR T Y E L L A. C FKK D M HK VE T Y l1t|； ISl 
Southern black bream IS2 l Afy G_Y1H S P D EI•叛 P. TYE Y 191 
P D Y C S L P. LLACFKKDMHKVETYL V 
Recombinant 1 % u C-R' RS LD SIT CTL i56 
Zebrafish 198 J^ NCRRSLDSSC 210 
Tench 198 A H C RR^ L D SIT C T t 210 
Grass carp 138 II^ N.C.Rr'^ L D s i C T 210 
Nile tilapia 19S ！iK E A ll C T t 207 
European sea bass 19= CH'L^ P E A« C TI,. 204 
Southern black bream 192 A K C R L S P E A » C t L C04 
A C R S N C T I. 
Fig. 4-1 Comparison of protein sequence of zebrafish, tench (ABI97975), grass 
carp (P69158), Nile tilapia (CAA00723), European sea bass (CAA46632) and 
black bream GH (Q01282). The identical parts are shaded. 
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Recombinant 1 ° 
Zebrafish 1 M A ^ A I. V,^ t 0 L V V V S i L V N^J G K A. S E H 0 R t F N 32 
Chicken 1 ip l Pl^S W F^；?；!； lI I A V V T L G L P Q E A A A T*? A It PpfiTslN L F ik;NA 39 
Horse 1 t A'A Ci P j^ t S V I. Al] G L'fjP . fp ¥ P ^ D G A： F P A. Jt P jL S! S1 F A K 39 
Sheep 1 H M A A ^ P i T S L i L A t l T L L C L P tf T O W G A F P A I t s I l G L F A N Jl 40 
Cattle 1 M A Aife^PixS LIL L A3Pa[L L C L P W T i v ' v G A F P AllS L sjc L F A N 4 3S 
Human 1 MlpT無 S ^ g ； L 宪 L . , C 务 L A E “無 J . ? ; T I t D 本 A 3S 
H M A A G R T S L L A F L L C L P W Q V G A F P A M L S L F A N A 
Recombinant 1 Hl^E^E P . » 0 L S K M - - F P L S F 
Zebrafish 33 I 敎V :叙 S L H l l l f A A K M I N D F E : E G L M P EjE R l t O L S K ^ - - F P L S F 70 
Chicken 40 ;v ! � « A Q H L H L I. A i^ E /FY^E F E KTTI P cIdIQ RITT NK--HStfAAr 77 
Horse 40 V 1 R A Q H I. B Q L A A D t Y ^ E F E RjAly I P i t ^ G l Q R Y S I Q - - I f A W A A T 77 
Sheep 41 T L R A Q H L H Q L A A Dt^ F K E F E R T * 1 P E G Q R Y f I Q - - » T t f v A f 78 
Cattle 40 •IRAJH务HOLAADT^F寒ErERTjtl PEUpRTTSil Q-- ITWvj i i^ ” 
Human 40 H i只 J^ H R；!^氛ftL 森 F^TY 0 k ？写 E E ^ k ^ s F L _ Q « P_T S L 78 
VLRAQHLHOLAADT REFER Y I P E 0 P. Y S I Q N 0 A F 
Recombinant 上 7 ；CjN 潔 D S ^ E S 後 K:i;K’L t R t S i F R ^ t E 玄 F S ^ S f T 5c 
Zebrafish 71 ||H!Sp S!l|E S ^ K H ^ K ® I, R I SlFR；! I j E : S * E r X S Q T 110 
Chicken 78 Jt^  Y S1： T I P Jt P T G K D；Di^  Q Q WS Dl«Sf L L fe F S LiV；L I Q S « I；TS V Q Y 117 
Horse 78 fC f S E T I P A P T G K t f A 0||R S d!m|K L F S L S L I Q S ¥ c V ' L 117 
Sheep 79 fe F S E T I P A P T GlCNiE A Q Q K S D t'E L I. R t S I. L I. I Q SWRGpIl dF 丄上8 
Cattle 7 8 ^ T S E J 1 P A P T . G J N | f 4 Q Q K S D L E L L R I S L L L I Q S ¥ L L !Q F 1 1 7 
Human 7S N R ^^N丨L卫)t条JU^Ak^dU变乡 * 118 
C F S E T I P A P T G K D E A O g K S D L E L L R I S L L L I O S W L P Q 
Recombinant SI I S S T I S H S l T I & N P N L - l T f c K ' t V D 1!K M G t S V ® I K G C L ^ F C q 95 
Zebrafish i l l ：|；3 S T I S I T S L T I <iN P N L - I T « K t V t K H'G I i S V|L! I K G C L » t O 丄妨 
Chicken i l 8 i S K V F N L V F G T " S D R " - V, F 5 K I•絮D i ’E塞G I:(3弟 I H VitXEm S 156 
H o r s e 118 t 3 P. V F TN S L V F GT S D -,VTE K LjRO L E E G I L H RE t E DfiS 156 
Sheep 119 i s R T F T N S L V F G T S D R - V Y E K L lED lEEGIiL^LMRELE DfV T 157 
Cattle 118 l S R V F T N S L V r G T S D ' R - y Y E K L K D L E E G I L ' | , L H R E j v ^ d ' g T 156 
Human 119 L R S V F A » 9 L VjY G A S D SSVTD 1：1 KD.L EEC I 0 T-i.g G R|i E D.f S 158 
I S V F T N S L V F G T S D R N V Y E K L K D L E E G I A L H R E L E D G 
Recombinant 96 S%;PLPrED'rYLTVG - ETS-CRE S F Rj^tUjC F K KT^M 134 
Zebrafish I SO ^ N M l D i N D S L i P L P F E D ^ J Y L T V G - E T S i L R E S F R i L L A ® F K K D M 188 
Chicken iS7 - - P^ LiiR P,f TD K FDll H L|^NE J|f *'L LlEN Y G L L S C FKKDie 194 
Horse 157 P 叙 A - -右 O T l l t a T Y D K F D TJC L kW'D'D A L L K N Y G I L S C F K K D L ； 194 
Sheep i S 8 P » A - - ^ Q I 1. K Q T Y D K F D TS iM fR S D D A L L K » Y G L L S C I ^ P - R D L： 195 
Cattle 157 PRA - - C Q l]^KQTYiCfKFDT»!M|^SDDALLKNYGLLSCf?RltDL 194 
Human iSS ^i^T - - GQ F^ QT t^! S^^F D'flT S H N»DAJJ. K M Y G L l^Y^ ！fRKDM 196 
P R DDGO ILKQTYDKFDTN R S DD A L L KN Y G L L S C FKK D L 
Recombinant 135 HK VB t Y 1 R V;A N C RR S LDS-NCTL � SS 
Zebrafish 189 ^K VE TY L R V A H q RR S L D.S N C T L 
Chicken 195 riK VE T Y L K^V HlC C R R r GE'S N:C T I 
Horse i9S HK A T Y L R V M KCRRFVPSSCAF 216 
Sheep 196 S K T S T Y l R V M K C R R F G X A S C A r 217 
Cattle IBS HK：?!： T Y L R V KK C R R f G t A S C AJ* 216 
Human i s ? d K Y E T F L R I V Q C R S V - t G S C G F 217 
H K V E T Y L R V M K C R R F E S S C F 
Fig. 4-2 Comparison of protein sequence of zebrafish, chicken (CAA35619), 
horse (AAA21027), sheep (CAA31063), cattle (CAA00598) and human GH 
(P01241). The identical parts are shaded. 
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A Construct 640 
EqoRI NotI 
5’ GH 3 ' 
B Construct 641 
EcoRI NotI 
5 6X His GH 
C Construct 642 EcoR I NotI 
5 ' 
GH 6 X H i s - J 
|MUJ<Z I 
„ ... Sac I w 3' AOX1 (TT) 
1 P P I C 9 K I t 
i 9 . 3 k b m 
Fig. 4-3 Schematic diagram showing the 3 expression plasmids constructed with 
the expression vector, pPIC9K. (A) native zfGH (construct 640); (B) zfGH 
with a 6xHis-tag at the N-terminus (construct 641); (C ) zfGH with a 6xHis-tag 
at C-terminus (construct 642). Restriction sites EcoRI and NotI were added in 
each construct for subsequent cloning. 
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^ ^ I ^ ^ ^ H i n Hepatic t issues 
• • 
Fig. 4-4 Establishment of zebrafish hepatic cell culture. (A) Hepatic tissue was 
removed from zebrafish and placed in culture dish. (B) Morphology of 
cultured zebrafish hepatic cells after 24 hr of incubation. 
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Const ruc t 640 
B _ 1 2 3 4 5 6 
31 kDa -
17kDa — 
Const ruc t 641 
C M 1 2 3 4 5 pP IC9K 
4 
31 k D a — ^ 
1 7 k D a — — 
Ik • 
Const ruc t 6 4 2 
Fig. 4-5 Panel A, B, C show silver staining of zfGH protein after methanol 
induction in Pichia culture of construct 640，641 and 642 respectively. The 
arrows indicated the inducible protein product of expected size (~20KDa). M: 
Marker; Lane 1-6: different clones; pPIC9K: Expression vector without insert. 
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A ,00- S n i l 
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Fig. 4-6 Effect of zfGH (construct 642) on the expression of inhaa and inhab 
in cultured zebrafish follicle cells. (A) The data were normalized with bactin and 
expressed as the fold change compared to the control. Each value represents the 
mean 土 SEM of independent real-time RT-PCR reaction of at least three 
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Fig. 4-7 Effect of zfGH (construct 642) on the expression of igfl in cultured 
zebrafish hepatic cells. (A)The expression of diagram on the upper panel were 
normalized with bactin and expressed as the fold change compared to the control. 
Each value represents the mean 土 SEM of independent semi-quantitative 
RT-PCR reaction of four replicates. (B) The changes of expression of individual 
genes without normalization. 
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GH 
/ 侧 @ ^ © \ 
V • GHRE Luciferase J 
Fig 4-8 Principle of the GHR-based luciferase reporter gene assay for functional 
analysis of recombinant GH. Binding of GH to two molecules of GHR triggers 
a tyrosine phosphorylation and activates the transcription factors (STAT). 
STAT then increases the transcriptional activity of luciferase reporter gene, 
which is driven by a GH-responsive promoter. 
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Fig. 4-9 Effects of recombinant zebrafish GH (construct 640, 641, 642) on firefly 
luciferase reporter gene activity. The data were normalized with Renilla 
luciferase activity and expressed as the percentage of control. Each value 
represents the mean 土 SEM of independent transfection of at least three 
replicates. 




Although it is well accepted that pituitary gonadotropins (FSH and LH) 
play major roles in folliculogenesis and steroidogenesis in vertebrate ovary, 
increasing evidence reveals that growth hormone (GH) is another major pituitary 
hormone that regulates ovarian functions. GH has been termed 
"co-gonadotropins" (Hull and Harvey, 2002) in view of its importance in 
affecting all major aspects of reproductive functions including steroidogenesis, 
gametogenesis, and gonadal differentiation, as well as gonadotropin secretion 
and responsiveness (Zachmann, 1992). Similarly, as a downstream mediator of 
GH actions, IGF-I is also involved in a number of ovarian functions. Despite 
the vast number of studies on the expression and function of GH and IGF-I in 
vertebrate reproduction, a complete picture of their expression profiles and 
regulation is still lacking. Using zebrafish as the model, the present study 
attempted to dissect the potential roles of GH-IGF system in the ovary by 
investigating its spatial expression patterns in the ovarian follicle and temporal 
expression profiles during folliculogenesis, its regulation by endocrine and 
paracrine factors, and interaction with the activin-follistatin system in the ovary. 
For future studies on GH in zebrafish reproduction, this project also aimed at 
producing recombinant zebrafish GH using the yeast Pichia pastoris as the 
bioreactor. Our findings have provided important clues to the potential role of 
GH-IGF system in the ovary of zebrafish. 
- 9 5 -
5.2 Major achievements of the present study 
5.2.1 Demonstration of a local mini-GH-IGF-I axis within the zebrafish ovary 
In the present study, we first demonstrated that all genes in the GH-IGF 
system were expressed in the ovary of zebrafish. Further study indicated that 
gh was specifically expressed in the oocyte, while ghr, igfl, igfl and igfr were 
present in both somatic follicular cells and oocyte. The local production of GH 
within the ovary may reflect an "emergency" mechanism to rapidly regulate or 
"fine-tune" cellular functions that are normally regulated "strategically" by 
pituitary GH (Hull and Harvey, 2000). Moreover, the present findings 
suggested that a local mini-GH-IGF-I axis might exist within the ovary of 
zebrafish. The zebrafish oocyte may play an active role in folliculogenesis by 
releasing GH to influence the functions of both somatic follicle cells and oocyte 
through GHR present in both compartments. With both GH and IGF-I/II 
expressed in the oocyte and their receptors in both compartments, it is 
conceivable that a paracrine intercellular communication mechanism involving 
GH and IGFI/II may exist between the oocyte and somatic follicle layer. 
5.2.2 Differential expression profiles of GH-IGF system during folliculogensis 
The present study also provided for the first time a comprehensive 
temporal expression profile of the GH-IGF system in the zebrafish ovary during 
follicles development. Gh had the highest expression level in early follicular 
stage and it decreased when follicles entered the vitellogenic stage. On the 
contrary, the expression of ghr dramatically increased at the beginning of 
vitellogenic growth. Similarly, the expression of igflra and igflrb gradually 
increased from PG to MV stage, but decreased significantly in the final FG stage. 
Igfl expression also increased from PG to EV stage but decreased afterwards till 
- 9 6 -
FG stage; in contrast, the expression of igfl maintained constant during 
folliculogenesis (Fig. 5-1). The differential expression patterns of gh and ghr in 
the ovary implies different roles of locally-produced GH and circulating GH in 
the ovary. It also indicates that GH may have an important role in the initiation 
of follicle recruitment and oocyte growth at the onset of puberty. Mendoza et al. 
(1999) suggested that an early rise in the GH concentration in small antral 
follicles is beneficial for oocytes quality, by enhancing gonadotropins-controlled 
developmental processes (Mendoza et al., 1999). It has also been reported in 
mammals that folliculogenesis up to the antrum formation stage is independent 
of FSH. FSH gene knockout mice have follicular growth to the multilayer 
preantral follicle stage (Kumar et al., 1997), suggesting that the early stage of 
folliculogenesis is stimulated by some other factors. Evidence from the present 
study suggests that GH may play a role in the development of the 
gonadotropin-independent primary growth (PG) follicles. Similarly, IGF-I may 
also play an active role in promoting follicle growth in fish, while IGF-II may 
exert a tonic effect during the entire folliculogenesis. 
5.2.3 The inter-relationship of GH-IGF and activin-follistatin system 
The present study is the first report that demonstrates a direct effect of GH 
on activin subunit expression, as administration of human and bream GH 
increased the expression of both inhba and inhbb. This finding supports the 
novel idea that activin may be one of the downstream mediators of GH actions 
on ovarian functions. Further studies found that IGF-I increased expression of 
inhba while decreased that of inhbb, and that activin decreased igfrb expression. 
The present study clearly demonstrated that the GH-IGF and activin-follistatin 
systems are inter-related and -regulated in the zebrafish ovary (Fig. 5-2). 
- 9 7 -
5.2.4 Production of recombinant zebrafish GH 
In the past, most of the studies on GH in fish have relied on mammalian 
GH as the availability of fish GH is limited. However, the use of heterologous 
mammalian hormones may not be able to reveal and elicit the true effect in fish 
due to their poorer potency and specificity. The present study successfully 
established several recombinant clones of the yeast Pichia pastoris that could 
produce recombinant zebrafish GH with biological activities. Our preliminary 
results showed that recombinant zebrafish GH appeared to be functional in 
zebrafish hepatic and follicular cell cultures as well as a GHR-based reporter 
assay. These recombinant Pichia strains will provide an important source of 
bioactive zebrafish GH for future studies. 
5.3 Future prospects 
Having completed fundamental studies of the GH-IGF system in the ovary 
of zebrafish, we will move on in the near future to address the following 
interesting issues: 
1. Physiological relevance of the oocyte-derived GH in controlling follicle 
development 
Although GH is a pituitary-derived hormone, our result has shown that it is 
also exclusively expressed locally in the oocyte of zebrafish full-grown follicle. 
Such findings have raised interesting questions about the physiological relevance 
of the oocyte-derived GH in controlling follicle function. Is the effect of local 
GH different from that of pituitary GH? Is GH also exclusively expressed in the 
oocytes of other stages? What is the significance of the GH derived from the 
oocyte? To answer the above questions, knockdown and overexpression of gh 
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in the oocyte could be performed by microinjecting short interfering RNA 
(siRNA) or mRNA transcript, respectively. The response of a variety of genes 
involved in folliculogenesis can be analyzed afterwards in order to examine the 
effects of knockdown and over-expression of gh in the oocyte. Moreover, 
although the present study has only provided information about the spatial 
distribution of genes within the full-grown follicle, it is possible to use more 
advanced technology, such as Laser Capture Microdissection (LCM), to study 
the stage-dependent localization of our target genes within the follicle in the 
future. 
2. Role ofGH in early folliculogenesis and puberty 
A second important finding of the present research is the differential 
expression patterns of gh and ghr during folliculogenesis. Gh has the highest 
expression level in early follicular stage and it decreases when follicles enter the 
vitellogenic stage. On the contrary, the expression of ghr dramatically 
increases at the beginning of vitellogenic growth (Fig. 5-1). This finding 
suggests an important role for GH in early folliculogenesis, particularly in the 
gonadotropin-independent PG stage and the transition from PG to vitellogenic 
stage, which also marks the puberty during sexual maturation. To understand 
the role of GH in early folliculogenesis and puberty, the effect of recombinant 
zebrafish GH on the growth of PG follicles and gene expression in early 
vitellogenic follicles could be studied. Moreover, we hypothesize that the surge 
expression of ghr at follicle recruitment may indicate an increased signaling by 
pituitary GH rather than oocyte-derived GH, which might be reflected by an 
increased expression of gh in the pituitary at the same time. To provide 
evidence for this hypothesis, the expression profile of pituitary gh during sexual 
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maturation could be analyzed in the future. 
3. Signaling of GH-IGF system in the ovary 
The present study has successfully shown the relationship between the 
GH-IGF system and activin-follistatin system. However, to further confirm the 
present result, co-application of GH with IGF-I binding proteins or follistatin can 
be performed in the future to test the inhibitory effects of these binding proteins 
on the effects of GH in important ovarian processes such as final oocyte 
maturation. These binding proteins provide an efficient tool in dissecting the 
mechanism by which hormones signal in the ovary. 
4. Control of expression of GH, GHR, IGFs and IGF-IR in the ovary 
The distinct stage-dependent expression of genes in the GH-IGF system 
during follicle development (Fig.5-1) raises an interesting issue about the 
regulatory mechanisms that control their expression. To study the possible 
factors controlling the expression of these genes, the effects of pituitary FSH and 
LH as well as the hypothalamic GHRH and SRIF on the expression of the genes 
in the GH-IGF system may be investigated in the future. The roles played by 
various local ovarian paracrine growth factors such as activin and epidermal 
growth factor (EGF) family members in controlling GH-IGF system may also be 
studied. 
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Fig. 5-1 Schematic representation of the expression profiles of gh, ghr, igfl, igf2 
and igflr during follicle development in the zebrafish. 
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Fig. 5-2 A hypothetical model for the interaction of GH/IGF system and 
activin/follistatin system in the ovary of zebrafish. 
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